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Abstract
Results obtained with Gallium Arsenide (GaAs) Schottky barrier particle detec­
tors are presented. Semi-insulating undoped (SI-U), semi-insulating indium doped, 
(SI-In doped), and vapour phase epitaxial (VPE) substrates were investigated.
Details of the fabrication techniques utilised at Glasgow University for detector 
realisation are given as well as the characterisation methods used. Two detector 
types were fabricated: the simple pad device and the microstrip detector. The pad 
detector was used to investigate the electrical and charge collection characteristics 
of the device both before and after neutron and charged particle irradiation. The 
microstrip detectors enabled the spatial resolution of GaAs devices to be obtained.
The electrical measurements performed on the semi-insulating diodes revealed a 
low voltage Schottky region and a high voltage trap-controlled current characteristic. 
From the low voltage measurements a barrier height of 0.91 ±  0.02 V and a bulk 
resistivity of 6.4 X 107 Ocm were determined for a measurement tem perature of 
20°C. For high bias (~10V) the reverse current was attributed to generation current 
which was observed to saturate at a reverse bias above ~  50 V. A field-enhanced 
capture cross-section of the native EL2 deep donor level was proposed as the cause 
of this behaviour. The electric field at high bias was not uniform across the device 
and divided it into two distinct regions: a high and a low field region. This effect 
has also been attributed to the EL2 defect. The extension of the high field region 
increased linearly with applied reverse bias at a rate of ~  1 p m / V .
The charge collection of the SI-U detectors were measured to be less than 100% 
due to the trapping of both carriers, with the electrons affected to a greater extent.
The VPE material was found to have a low trap density and behaved as expected 
from Schottky theory, with a barrier height of 0.81 V and a reverse current dominated 
by generation current. 60 keV gamma and front illumination from a 5.45 MeV alpha 
source demonstrated that the detectors had a charge collection efficiency close to 
100%.
The performance of SI-U detectors after IMeV neutron, 300 MeV/c pion and 
24 GeV/ c proton radiation showed a slight increase in the current above 50 V reverse 
bias. The charge collection efficiency, however, fell with fluence. The mean free 
absorption length of both carriers was observed to fall with fluence with the value 
for the holes falling at a faster rate than that for the electrons. For a 20 0 p m  
thick detector at a reverse bias of 200 V a 10000 electron signal response to a 
minimum ionising particle was obtained after 1.4 X  1014 n /cm 2, 6.0 X 1013 p /cm 2, 
and only 3.0 X 1013 7r/cm 2. An electron signal of at least this magnitude is required 
to guarantee a signal-to-noise ratio of 1 0 :1  with the proposed electronics for the 
ATLAS experiment. Both the reverse current and charge collection changed rapidly 
with initial flux but more slowly with increased fluence. A correlation between the 
charge collection and particle type and energy was obtained using calculated values 
for the non-ionising energy loss of the incident radiation in GaAs.
The VPE diodes demonstrate a much better post-irradiation electron collection 
but suffered from an increase in reverse current of over an order of magnitude after 
a fluence of 1.25 x 1014 24GeV/c protons/cm 2.
The spatial resolution of GaAs microstrip detectors was measured in a 70 GeV/c 
7r beam at CERN. The detectors utilised a combination of integrated biasing struc­
tures and decoupling capacitors. Both rectifying and ohmic strips were investigated. 
The best performance gave a spatial resolution of 10.83 p m ,  (with a 50jum pitch), a 
signal-to-noise of 14.8, (with a peaking time of 300 ns), and a detection efficiency of 
94%.
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The particle physics experiments operated on the LEP collider at CERN have tested 
the standard model vigorously since the start of their operation in 1989. However, 
for the knowledge of physics to be extended, higher energy machines and new 
experiments must be constructed. The Large Hadron Collider (the LHC) to be 
built at CERN is such a machine. It will collide protons at a centre of mass energy 
of 14 TeV. Due to the low cross-sections of the interesting physics events at these 
energies high luminosity will be required in order to obtain reasonable statistics over 
the 10 year lifetime of the experiment. Therefore the time between bunch crossings 
will be very small, around 25ns, imposing a stringent requirement on the trigger 
and data  acquisition speed of the new experiments. The radiation environment 
from a high energy p-p collision is much greater than tha t produced in the present 
electron-positron collider operated at CERN where synchrotron radiation, beam loss 
and beam-gas interaction are the main radiation sources. At an LHC experiment the 
radiation level will be dominated by particles from the proton proton interactions 
themselves and from background neutrons created in the calorimeters.
Tracking detectors for the LHC experiments must be capable of meeting the 
above requirements of high speed and high radiation tolerance. An additional 
requirement of high detector granularity, to reduce occupancy, results from the large 
multiplicity of an event, due to the high number of available channels from the p-p 
interaction.
1
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The research presented here is concerned with the development of radiation hard 
Gallium Arsenide semiconductor tracking detectors for the ATLAS [9] experiment 
at the LHC. The rest of this chapter outlines the basic principles of semiconductor 
detector operation and the ATLAS experiment with relation to its design and physics 
objectives. The chapter closes with the motivation for investigating GaAs over silicon 
based semiconductor detectors for the forward wheels of the ATLAS inner tracker.
The thesis contains work on characterising Schottky barrier diodes both elec­
trically and as charge collection devices. The theory of the Schottky barrier is 
explained in depth to aid the understanding of the results. The aim of this work 
was to understand the depletion mechanism, the source of the leakage current, the 
noise sources and the nature of the traps in the material and ultimately to  be 
able to fabricate devices with a 100% charge collection efficiency. The desire to 
produce radiation hard detectors motivated an extensive investigation of the effects 
of radiation on GaAs devices. Chapter 5 reports the results of these experiments.
The detectors were shown to perform well as position sensitive devices in a pion 
test beam at the XI beam line, CERN. Results from the test beam are reported in 
chapter 6 .
1.2 W hat is a semiconductor detector?
Semiconductor devices fabricated on silicon substrates have been used in high 
energy physics since the 1970’s [10]. The first detectors operated as ionisation 
chambers and were used only to separate signals from background events. Only 
after the introduction in 1980 of the planar technique[ll] for the fabrication of 
large scale silicon detectors did position measurements begin. Since then the use of 
semiconductor detectors for tracking and vertexing has been extensive and at present 
all four experiments on the LEP collider at CERN use silicon-based microstrip vertex 
detectors.
A position sensitive microstrip detector is formed by dividing the contact on 
the semiconductor into thin, generally parallel strips. When signals from each of 
these strips are read out the position of the incoming particle can be deduced. 
Semiconductors have many advantages over gaseous detectors, which they have
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largely superseded for accurate position measurements, where large volume detectors 
are not required. Listed below are the major advantages for experimental high energy 
physics applications:
• Low energy required to  create an electron hole pair. In GaAs only
4.2 eV are required to liberate an electron hole pair while a gas detector 
typically requires 30 eV and a photo-cathode coupled to a scintillator needs 
300 eV. As a result more carriers are liberated for the same amount of energy 
deposition and the associated reduction in statistical fluctuations implies tha t 
good intrinsic energy resolution results.
• H igh density  and atom ic num ber. Semiconductors therefore have a higher 
specific energy loss ) than gases and thus thinner detectors may be used. 
The higher density of the material reduces the range of energetic secondary 
electrons, (delta electrons), produced inside the material, leading to better 
spatial resolution.
• H igh m obility. Semiconductor detectors are much faster than gas filled 
devices due to the higher mobility of both carriers over those in gaseous 
detectors.
• Fabrication Techniques. Lithographic technology is utilised in detector 
fabrication. This enables aspect ratios (strip width to width plus strip spacing) 
of order 10:25 f im  to be obtained. Spatial resolutions of 3 ^m  are achievable 
with these dimensions with the inclusion of measurements of charge sharing 
between strips (see chapter 6 ).
The m ajor drawbacks to the implementation of semiconductor detectors are: 
their cost for large area coverage is significantly greater than for gaseous devices, and 
they add material between the interaction point and the calorimeters which degrades 
the impact param eter measurement. Therefore semiconductors are generally found 
only in the small volume around the interaction vertex where the best position 
resolution is essential. To reduce material and therefore scattering, semiconductor 
detectors are made as thin as possible. The lower limit is set by the signal-to- 
noise ratio of the detector because the signal is proportional to the thickness of the 
semiconductor. Typical silicon detectors are 300 f im  thick.
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A semiconductor detector works by separating, via an electric field, the electron 
and hole pairs created by the passage of ionising radiation through the material. 
The average number of electron hole pairs created in a 300/mi thick silicon detector 
traversed by a minimum ionising particle is 3.2 X  104, while for intrinsic silicon the 
number of free carriers (n;) in a 1 cm2 area of the same thickness is four orders 
of magnitude higher. It is obvious tha t the signal would be swamped if simple 
conducting electrodes were placed on either side of the material. For diamond 
detectors, on the other hand, the number of free charge carriers is so small tha t 
such an arrangement is in fact feasible, but both GaAs and silicon must be depleted 
of their free carriers by the use of a reverse biased rectifying junction. Normally, 
p-n junctions are used for silicon detectors while the GaAs devices described in this 
work are Schottky barrier diodes. The major cause of leakage current for a fully 
depleted silicon diode is the generation current (J5en)[12], given by:
V .  =  ( i- i )2 To
where q is the elementary charge, To is the mean carrier lifetime in the depletion 
region of thickness w , which is approximately equal to the thickness of the device. 
To reduce Jgen the lifetime must be maximised, which is achieved by reducing 
the number of defects in the crystal. The intrinsic carrier concentration has an 
exponential dependence upon temperature, resulting in a doubling of the current for 
an increase of 8  K in the temperature. For successful application of semiconductor 
detectors in physics experiments the temperature must therefore be kept constant 
so tha t the signal-to-noise ratio does not change and cause an alteration in the 
resolution of the detector.
Section 2.5.2 states that the depletion depth is proportional to the square root 
of the product of the applied reverse bias (V) and the semiconductor resistivity (p ). 
For detectors operated at full depletion the product VjdP remains constant. As 
the charge carriers created in the detector bulk drift, they diffuse laterally and are 
deposited on more than one strip. If the charge is shared between two strips then 
the resolution is improved from the situation where only one strip has a signal[13]. 
The lower the applied voltage the lower the electric field and the longer the carriers 
take to  drift through the material. Thus a greater amount of charge sharing takes
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Figure 1.1: The cross-section of a silicon microstrip detector.
place. It is for this reason that detectors are made from high resistivity material.
Figure 1.1 is a representation of a silicon microstrip detector in cross-section. 
The depletion layer is produced through the reverse biased p+n junction. The p+ 
implant is segmented to produce the microstrip pattern while an n+ layer is grown 
on the opposite side of the silicon to prevent the depletion layer reaching the back 
surface. The n+ side can be patterned with the strips running in the orthogonal 
direction to those on the p+ side to produce a double-sided device. Aluminium is 
evaporated onto the implants and the strips are wire bonded to external electronics. 
The silicon oxide layer is present to protect the surface of the detector.
1.3 The ATLAS experim ents
The radiation environment of the ATLAS inner detector is discussed in this section 
after an outline of the physics expectations of the ATLAS experiment and an 
overview of the detector design.
1.3.1 Physics w ith the ATLAS detector at the LHC
The LHC machine has very high collision and event rates. A bunch crossing will 
take place every 25 ns with an estimated 20 proton-proton interactions per crossing, 
resulting in pile-up problems even in a single bunch crossing. To compound the 
problems of the detector physicist, the events of interest are very rare indeed, 
which means tha t the experiment must have high selectivity. The radiation problem 
will be severe, with contributions from both charged hadrons from the interaction
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point and neutrons from the calorimeters. Large coverage in pseudo-rapidity 
(77 =  — \n(tan(f>/2) where <j> is the angle between the beam directions and the emitted 
particle) is desired due to the number of interesting physics events tha t occur at high 
pseudo-rapidity. Thus the vertex detector must be as close to the beam pipe and as 
long as possible.
The ATLAS experiment, one of two ‘general purpose’ experiments to be situated 
on the LHC ring, will have to cope with a broad variety of possible physics processes 
as well as have the maximum possible potential for the discovery of new, unexpected 
physics at the high operating energies. It must be sensitive to the largest expected 
value of the Higgs mass (~  1 TeV) and its expected decay products, be able to 
perform super-symmetric particle searches, investigate CP-violating B-decays and 
perform detailed studies of the top quark.
The Higgs search, however, will be the bench mark of the detector optimisation. 
The Standard Model assumes that it is through interactions with the Higgs field 
mediated by the Higgs boson tha t particles obtain mass. The discovery of such 
a particle is therefore of great importance. At the LHC Higgs bosons, produced 
through gluon-gluon fusion in the proton interactions, will decay through various 
channels depending upon the Higgs mass[9]:
H —► bb 80 GeV < m #  < 100 GeV
H —>■ 7 7  90 GeV < m h  < 150 GeV
H —> ZZ* -> 41± 130 GeV < m H < 2 m z
H —> ZZ ->• 41± ,21± 2i/ m H > 2 m z
H —> WW,ZZ —► 2jets, 21  ^ 2jets mh  uP to ITeV
which must all be identifiable by an LHC experiment.
The minimal super-symmetric extension to the standard model (MSSM) is the 
simplest extension and requires additional Higgs searches for processes such as:
—> e/i plus z/s 
—*■ 1^ plus hadrons plus z/s
using a 1* tag and b-tagging ( 1 -2 )
A  —>T+T
H ± —»■ r ±z/
2  jets
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where A and are MSSM Higgs particles. The search for other physics during 
both the initial low- and later high-luminosity periods places other constraints on 
the detector design.
The final detector design considerations for any general purpose detector oper­
ating at the LHC are:
• V ery good  electrom agnetic calorim eters. These are required to perform 
electron and gamma identification and energy measurements. The calorimeters 
should be hermetic so tha t any missing transverse energy can be assigned to 
neutrinos.
• Efficient tracking. At high luminosity this is required for lepton momentum 
measurements, pattern recognition, b-quark tagging and enhanced electron 
and gamma identification from Higgs decays. At low luminosity, tracking is 
required for tau  and heavy flavour vertexing and the reconstruction of some 
B-decay final states.
• S tand-alone muon m om entum  m easurem ent. To reconstruct Higgs 
decays at high luminosity, precision muon momentum measurements are vital 
to overcome the background events, while at low luminosity low transverse 
momentum triggering is required for heavy flavour physics. The stand­
alone muon measurements guarantee radiation hardness operation for the 
identification of the Higgs to two muon decay channel.
• Large pseudo-rapidity acceptance.
• Triggering and m easurem ents o f  low transverse m om entum  parti­
cles.
The last two items are necessary in order to maximise the potential physics reach 
of the experiment.
1.3.2 D etector overview
The ATLAS detector is shown in figure 1 .2 . The detector consists of the muon 
spectrometer, the hadronic and electromagnetic calorimeters and the inner tracking 
detector (described in detail in the next section). The muon spectrometer consists
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F ig u re  1.2: A 3-D picture of the ATLAS detector.
of th ree muon cham bers  before, inside and after a set of air core toroids. A toroidal 
m agnetic  system was chosen to provide large pseudo-rapidity  coverage, the  best 
possible transverse m uon m om en tum  resolution and robust p a t te rn  recognition. T he 
spec trom eter will provide the  first level trigger for a  physics event. T he toroids do 
no t provide m agnetic fields in the inner detector for inner tracking and therefore a 
solenoid is present in front of the electromagnetic calorimeters where it produces a 
homogeneous m agnetic  field for this purpose. A drawback to the solenoid in this 
position is th a t  its e x t ra  mass degrades the  energy and  position m easurem ents of the 
electrom agnetic  ca lorimeter. This effect is minimised by placing the  solenoid inside 
th e  inner cryosta t wall of the  liquid argon calorimeter where it acts as p a r t  of the 
pre-shower rad ia to r  of the  calorimeters.
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1.3.3 The inner detector
The main objectives of the inner detector are tracking and pattern recognition. 
While the inner detector is vital for photon identification, for example in the identifi­
cation of the Higgs decay H  —* 7 7 , its ability to  perform lepton energy measurements 
will be less than tha t of the muon system and the electromagnetic calorimeter. 
P attern  recognition is enhanced by the ability of the inner detector to perform 
efficient rejection of 7r°s and hadrons tha t ‘fake’ electrons in the electromagnetic 
calorimeter.
In order to have the best acceptance of physics channels the largest possible 
coverage is required. The inner detector has been designed to cover the pseudo­
rapidity range \rf\ < 2.5 as a compromise between maximum angular coverage and 
the practical difficulty of implementing high precision tracking at ever increasing 
pseudo-rapidity.
The inner tracker will consist of two distinct types of detectors; the precision 
tracking semiconductor layers and the continuous transition radiation tracker (the 
TRT). The TRT has a lower individual space point resolution but allows a larger 
number of points to be obtained for tracking purposes. This is achievable due to its 
lower material requirement per point and its lower cost with respect to semiconductor 
detectors.
The ATLAS performance specifications [9] require the number of precision 
tracking points over the whole pseudo-rapidity range to be > 5. Robust precision 
tracking is thereby achieved without the need to know the interaction point and 
with the possibility of some of the inner layers becoming damaged due to the effects 
of radiation. The TRTs will be used for tracking and the second level trigger, both 
of which improve with a greater number of points and a larger radial coverage. The 
specification of the continuous tracker is to deliver 36 measured points for \r)\ < 2.5. 
This may fall to 25 points for a pseudo-rapidity close to 2.5.
The specifications imposed on the efficiency in tracking and pattern recognition 
of charged tracks are due to four main track categories, three from high luminosity 
physics and one from the low luminosity B-physics requirements. The most 
im portant of these is the identification of high p^, isolated tracks which are likely to 
be leptons from interesting physics. The four categories of tracks and the associated




F ig u re  1.3: The inner detector of ATLAS.
tracking efficiencies imposed on the  inner detector are discussed by D. Froidevaux 
[14].
At low m om entum  (below 30GeV) the m om entum  resolution of the  inner detector 
is limited by its own material: muons will undergo multiple sca tte ring  in the  tracker 
m ateria l itself and brem sstrah lung  radia tion  will limit electron m easurem ents. The 
m om entum  resolution specifications of the inner detector are A p x / P T  < 30% for 
pT =  500 GeV with |r/| <  2, and A p x / p x  < 50% for p x  =  500 GeV for |t/| <  2.5 
due to the reduction in the magnetic field above 177I = 2 .
Figure 1.3 shows a three-dimensional view of the inner detector. T he  high 
resolution required for m om entum  and  vertex m easurem ents is provided by the 
semiconductor tracker (SCT) which m ust be m ade from high granulari ty  detectors  to 
cope with the large track density. Closest to  the beam  pipe, where the track density 
is g reatest ,  pixel detectors will be installed. T he num ber of pixel layers is limited by 
the tolerable am ount of m ateria l in the region, the power dissipation and  the cost. 
T he TR Ts surrounding the semiconductor detectors provide the necessary num ber 
of points for reliable tracking and p a t te rn  recognition. T he electron identification 
is enhanced by the  TR Ts through the detection of t ransit ion  radia tion  photons 
produced inside the  foam and straw  tubes of the detectors.
Figure 1.4 is a 2-D d iagram  of one quar te r  of the inner detector. T he  precision 
tracker consists of a  barrel region of two pixel detec tor layers and four layers of
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F ig u re  1.4: A cross-section of the ATLAS inner detector. The colour code is: m agen ta- 
pixels; dark blue - silicon strip detectors; green - GaAs strip detectors; light blue - active 
area of TRT detectors; yellow - additional inactive material.
s trips. T h e  region is 74.5 cm long with a radius of 52 cm. During low luminosity 
opera tion  an ex t ra  layer of pixel detectors will be placed as close to  the  beam  pipe 
as possible to  enhance vertex m easurem ents. T he continuous tracking detectors 
su rround  the precision trackers with the support  s tructu res  and  service areas a t  the 
o u te rm o st  radius. A forward region of precision detectors consists of four planes 
of pixels and  nine strip  planes ( the  semiconductor wheels). Inside the barrel the 
sem iconductor detec tors  are arranged  in concentric cylinders around the beam  axis 
while the  forward detectors are planes perpendicular to the beam  axis, with stereo 
s trips which run in almost radial directions. T he  T R T  straw s are parallel to  the 
beam  direction in the  barrel region and radial in the forward region. This geom etry  
has been chosen to  optimise the R</> resolution of the  inner detec tor.  F igure 1.5 
shows the  design of a  wheel with the lowest section, highest e ta ,  m ade from GaAs.
T h e  inner de tec to r design will give 6 precision space points for |r/| <  2.5, one 
m ore th a n  the  design specifications. Over this region 36 space points will be given by 
th e  T R T s, with  a slight degradation  in the transit ion  region from barrel to forward 
region.
T h e  m ater ia l  d istribution has been a m ajo r  design criterion. T he am ount of 
m ater ia l  m ust be kept to  a m inimum and away from the beam  pipe where photon  
conversions are m ost difficult to  veto and where the  im pact of brem sstrah lung ,  and 
thus  inefficiency in electron reconstruction, is most severe. T he  m ater ia l  budget for
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Figure 1.5: Cross-section of an ATLAS wheel.
each layer in radiation lengths (Xo), which is defined as the distance over which the 
energy of an electron of initial energy Eo falls to E o/e , are:
• Pixel layer: 1.3% Xo at normal incidence
• Barrel SCT layer: 1.6% Xo at normal incidence
• Forward SCT wheel: 1.9% (2.5%) Xo at normal incidence for silicon (GaAs)
Due to the smaller radiation length of GaAs (Xo = 2.3 cm) the ATLAS experiment 
requires tha t the GaAs microstrip detectors must be fabricated from 200 jim. thick 
substrate material compared to the 300 /mi substrates used for the silicon detectors.
Additional material is present in the beam pipe, supports, services and the TRTs. 
The material distribution of the inner detector is shown in figure 1.6.
1.3.4 The radiation environm ent at the ATLAS experim ent
The major source of radiation from the LHC is due to proton-proton interactions. 
At the design luminosity of 1.0 X  1034 cm- 2s- 1  with a cross-section for inelastic 
p-p interactions of Oin — 80 mb there will be of the order of 1 0 9 such p-p events 
per second. The severe radiation load is obvious. The production of particles from 
the interaction has been simulated with the use of the DTUJET [15] code and
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Figure 1.6: Material distribution in the inner detector.
transported through the detector medium with the FLUKA93 [16] code in which 
the particles are allowed to interact to produce showers. When a high energy 
particle enters a detector material it showers and, if the material is thick enough, the 
charged particle is absorbed. During this process neutrons and photons are produced 
which can escape from the detector medium. In the electromagnetic calorimeters 
the incident particles will undergo a long shower process to produce neutrons which 
are scattered many times before either being absorbed or leaving the calorimeters. 
The neutrons formed through this process are low energy background particles with 
no time structure and a relatively uniform and isotropic distribution.
The results of the simulation performed by G. Gorfine et al. [17] for the inner 
detector showed tha t hadrons from the interaction point dominate the radiation 
environment at small radii (r) and demonstrate a 1 /r2 dependence in flux. It was 
also shown tha t the inclusion of a polyethylene moderator placed on the inside of 
the calorimeters reduced the neutron fluence in the inner detector by a factor of
appr o x  t r ac ke r  mater ia l  
( exc l  o u t e r  s u p p o r t / s e r v i c e s )  
_ —  pixel  +  SCT
■ — TRT +  i n s u l a t i o n
_ —  b e a m  —pi pe  +  s e r v i c e s
■ — t o t a l  t o  l a s t  s t r a w  hit 
. —  to t a l  t o  l a s t  SCT hit
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between two and three when a thickness of 10 cm was used. The TRTs in the barrel 
region were also shown to act as neutron moderators.
For an LHC year of 107 s the annual particle fluxes calculated for the silicon barrel 
and the GaAs wheel region are given in table 1.1. Here the simulation assumed seven 
silicon layers and four GaAs wheels however the position of the layers do not directly 
correspond to those shown in figure 1.4 due to alterations in the layout of the inner 
detector since the simulation was performed. Silicon layers SI and S2  are pixel 
layers while the five other barrel layers are microstrip detectors. The neutron fluxes 
calculated with and without a moderator are shown is table 1.2. The moderator was 
10 cm thick in the end-cap region and only 5 cm thick in the barrel of the detector.
The GaAs wheels will be exposed to a higher radiation field than any of the 
silicon strip detectors. From the tables it can be seen tha t the GaAs wheels will 
receive 0.30 x 1014 7r/cm 2 per year. The neutron flux will be of the order of 3 to  8 
times less that this depending on whether a moderator is used. The contributions 
from other charged hadrons are an order of magnitude less than from pions.
It must be noted tha t the layout of the inner detector has changed since the 
simulation was performed and the figures given here are no more than a rough guide 
to what can be expected at ATLAS with the final detector design.
1.4 W hy choose GaAs?
The radiation levels described above will cause significant damage to  all the com­
ponents of the inner detector, including the silicon microstrip detectors. During 
the operation of the experiment the leakage current of such devices will increase by 
several orders of magnitude. This will lead to an increase in noise and extra heating 
effects inside the barrel. As the temperature of semiconductor detectors must be 
kept constant to prevent instabilities in the leakage current, as noted in section 
1.2, extra cooling will be required to remove this additional heat. The silicon bulk 
will also become doped with radiation-induced defects and undergo type inversion 
from n- to p-type. The effective doping density will continue to rise with time and 
therefore the bias required to deplete the detector fully will increase. A 300 j^m thick 
detector will require a reverse bias of over 300 V for full depletion after the ten year
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SI Si 11.5 ±35 0.42 0.34 7.3 0.53 0.30
S2  Si 14.5 ±40 0.30 0 .2 1 4.8 0.34 0.19
S3 Si 2 0 ±55 0.16 0 .1 1 2.7 0.17 0.099
S4 Si 30 ±95 0.087 0.050 1.5 0.076 0.045
S5 Si 50 ±95 0.032 0.017 0.58 0.024 0.014
S6  Si 60 ±95 0.026 0 .0 1 1 0.4 0.017 0.0098
S7 Si 69 ±95 0.016 0.0084 0.28 0.013 0.0076
G1 GaAs 15-22.5 58.5 0.25 0.16 3.4 0.23 0.14
G2  GaAs 15-22.5 70 0.28 0.18 3.2 0.23 0.14
G3 GaAs 15-25 96 0.24 0.15 2.9 0 .2 1 0 .1 2
G4 GaAs 15-25 109 0.23 0.15 3.0 0 .2 2 0 .1 2




SI Si r =  11.5 cm 1 .6 1 .0
S2  Si r =  14.5 cm 1 .2 0.63
S3 Si r =  2 0  cm 1 .0 0.42
S4 Si r =  30 cm 0.77 0.36
S5 Si r =  50 cm 0.73 0.19
S6  Si r =  60 cm 0 .6 6 0.18
S7 Si r =  69 cm 0.61 0.16
G1 GaAs z =  58.5 cm 0.92 0.43
G2  GaAs z = 70 cm 1 .0 0.48
G3 GaAs z = 96 cm 1 .0 0.47
G4 GaAs z =  109 cm 1 .2 0.45
Table 1.2: Annual neutron fluxes in the inner detector with and without a 10cm thick 
polyethylene moderator. Units are 1013 particles/cm2/year.
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lifetime of LHC if it is operated at 20°C. This high bias is not acceptable for the 
running of such an experiment. If the inner detector can be cooled to -10°C then the 
formation of deep level defects is slowed down and full depletion is possible at lower 
biases. However the uniform cooling of such a large volume without the addition of 
significant extra material is very difficult. If the detector is not fully depleted then 
the capacitance of the device will be higher, resulting in an increase in the noise. 
The signal shape will also change with the addition of a slow component which will 
lead to signal loss due to the fast shaping time of the readout electronics.
An alternative to silicon is required for construction of the forward wheels where 
the radiation damage will be most acute. Semi-insulating undoped gallium arsenide 
(SI-U GaAs) has been proposed. SI-U GaAs has a very low level of naturally- 
occurring free charge carriers at room temperature, which explains its insulating 
properties. However, the material has a high concentration of deep levels, the EL2 
trap  for example, even before exposure to radiation. Recalling the equation for the 
generation current, J5, in section 1.2 and because the carrier lifetime is inversely 
proportional to the trap  concentration N t , Jg may be expressed as:
Jg oc N x n i  (1.3)
where ni the intrinsic concentration of free carriers in the material. SI-U GaAs has 
a free carrier concentration four orders of magnitude less than th a t of silicon. It is 
therefore expected to be able to withstand a higher level of trap production and hence 
a higher level of radiation fluence than silicon before the leakage current becomes 
excessive. GaAs electronic devices have also demonstrated a higher radiation 
tolerance than those fabricated in silicon, for example, no noticeable degradation 
in FET gain has been observed to occur before fluences of order 1015 n /cm 2[18]. 
For these reasons GaAs has been pursued as a viable alternative to silicon in the 
forward region.
C h apter 2
Sem iconductor Theory.
2.1 The simple semiconductor m odel
Semiconductor theory is explained in this chapter with emphasis placed on tha t 
relating to Schottky barriers. The initial theory for an ideal semiconductor such as 
silicon or germanium is later extended to the special case of deep levels in semi- 
insulating undoped GaAs.
2.1.1 Crystal structure
A crystalline semiconductor is a regular assembly of atoms which are held together 
by covalent bonds. In GaAs the bonds in fact have a slight ionic component. Atomic 
arrangement is possible in many ways with live of the most common illustrated in 
figure 2.1. As can be seen, the crystal structure may be very simple, as in the simple 
cubic and the body-faced cubic structures, however the three main semiconductors 
have a slightly more complex structure. Silicon and germanium have diamond 
crystalline structures and GaAs is of the zincblende type. These two structures 
can be visualised as two inter-penetrating face-centred cubic lattices, where in GaAs 
one sub-lattice is gallium and the other is arsenic. Since gallium is in group III of 
the periodic table and arsenic is in group V, GaAs belongs to the III-V family of 
semiconductors.
Miller indices define the crystal planes of a semiconductor using the direct basis 
vector coordinate system. The procedure to define a plane is to find the intercept of 
the plane with the three basis axis in units of the lattice constants. The reciprocals
17
CH APTER 2. SEMICONDUCTOR THEORY. 18
SIMPLE CUBIC 
(P , e t c )
BOOY-CENTERED CUBIC FACE-
(NO, W, e tc )  CENTERED CUBIC











Figure 2.2: Miller planes in a crystal.
of these numbers are reduced to  the smallest three integers having the same ratio. 
For example, in figure 2.2, the plane (100) crosses the x-axis at a, and the y and z 
axis at infinity. Taking the reciprocals of these gives 1 /a, 0 and 0 which has 1, 0, 0 
as the smallest set of integers with the same ratio. A set of planes with an equivalent 
symmetry are enclosed in curly brackets, for example in a simple cubic crystal {1 0 0 } 
represents the set of planes ( 1 0 0 ), (0 1 0 ), (0 0 1 ), (1 0 0 ), (0 1 0 ) and (0 0 1 ), where the 
over-line implies tha t the plane crosses the axis at a negative coordinate. Directions 
in the crystal can be expressed in a similar fashion with the integers being enclosed 
in square bracket, for example the x-axis, which is normal to ( 1 0 0 ), is [1 0 0 ].
Semiconductor crystals have preferred cleavage planes. For silicon and germa­
nium this is the {111} set of planes, while in GaAs it is {110}.
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Figure 2.3: The energy band structure in silicon and gallium arsenide. The three lowest 
bands in GaAs are the valence bands labled Vi V2 and V3 , the upper bands are the 
conduction bands and Egap is the energy bandgap. The minus (-) signs indicate electrons 
in the conduction band and the plus (-f) signs indicate holes in the valence bandsfl].
2.1.2 Energy levels
The allowed energy of the electrons in a semiconductor can be found by solving the 
Schrodinger equation for a crystal in which the atoms are completely ionised and the 
electrons do not interact with the ions of the crystal. This is the free electron model. 
When the electrons are allowed to interact with the ions of the crystal lattice, energy 
bands for the electrons result with a forbidden band in their energy-momentum (k) 
diagram.
The real energy states in a semiconductor are in fact more complex than the 
nearly free electron model describes. The energy band structures, tha t is the energy- 
momentum relationship, for silicon and GaAs are shown in figure 2.3. The value 
k =  T corresponds to k =  0. The energy gap at 300 K of E g = 1.11 eV for silicon 
and 1.42 eV for GaAs.
The properties of the semiconductor depend principally on the interaction 
between the lowest, nearly filled energy band states, defined as the valence band,
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and the next, nearly empty, energy band states immediately above the valence 
band - the conduction band. When an electron is excited from the valence band 
to  the conduction band a vacancy remains in the valence band. It is mathematically 
convenient to treat this vacancy as another particle, the hole. A hole has a similar 
mass, as well as other low energy properties of the electron, except for its charge 
which is positive. The electron and hole are known as charge carriers.
The rest of semiconductor theory is occupied with the determination of the 
distribution and motion of the carriers.
Several points should now be made about the energy-momentum relationships in 
GaAs and silicon. The energy band gap in GaAs is larger than tha t in silicon. This 
should result in more thermal energy being required to excite the electrons from 
the valence band to the conduction band. In other words, at a given temperature 
the number of electrons in the conduction band should be less for GaAs than for 
silicon. Another feature of the energy-momentum relationships is that GaAs is a 
direct band gap material. That is, the minimum in the conduction band and the 
maximum in the valence band have the same momentum. Silicon, on the other hand, 
is an indirect band gap material as the conduction band minima and the valence 
band maxima do not occur at the same value of momentum, which is illustrated in 
figure 2.3. In GaAs a photon may therefore be emitted when an electron undergoes 
a transition from the conduction band to the valence band, as no change in electron 
momentum occurs. This allows optical modulators to be fabricated from GaAs. 
Finally a second minimum, the ‘upper valley’, is present in the conduction band 
0.31 eV above the lower valley. In high electric fields (> 3 x 103 Vcm *) in GaAs, 
electrons can be excited into this valley where their transport is affected. A short 
discussion of this point is contained in section 2.3 on mobility.
2.2 Carrier concentration at therm al equilibrium
In this section the ideas of carrier concentration in the conduction band and the 
valence band are discussed, requiring the introduction of the concept of the effective 
mass of the carriers. The carrier concentrations are found for a very pure (intrinsic) 
semiconductor and then for materials with impurities (extrinsic).
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Two families of impurities exist, called donors and acceptors. A donor has an 
extra valence electron, with respect to the intrinsic material, which is donated to 
the electron gas. Phosphorus is a donor in silicon. The semiconductor is now n-type 
because of the addition of negative electrons. Electrons are known as the m ajority 
carriers and holes the minority carriers in n-type semiconductors. Similarly, with 
incorporation in silicon of an impurity that has only three valence electrons, for 
example boron, an electron is accepted by the impurity atom to form four covalent 
bonds and thus the impurity is called an acceptor. A vacancy, or ‘hole’, is created 
in the valence band and the semiconductor is p-type due to the addition of positive 
charge; holes are the majority carriers in this case. The energy level of a donor is 
measured down from the conduction band while tha t of an acceptor is measured up 
from the valence band.
In GaAs silicon and carbon (both group IV) may be either a donor or an acceptor 
depending upon the atom tha t they displace. In the GaAs used for this work silicon 
is a donor and carbon an acceptor (see section 2.9.1).
2.2.1 Carrier effective mass
Because the carriers in a semiconductor are not free particles, to trea t them as 
classical charged particles the concept of an effective mass must be introduced. The 
effective mass is defined by the band curvature, as:
<=^2( s r  ^
where h is the Planck constant, E  the band energy and k the wave vector. Therefore 
the effective mass of a carrier depends upon the band tha t the carrier is in. In GaAs, 
for example, the effective mass of an electron in the lowest valley of the conduction 
band (m f) is 0.063mo at room temperature, where mo is the mass of the free electron. 
Electrons in the upper valley have two effective masses: m* (the longitudinal mass) 
along the symmetry axes of the constant energy surfaces in the crystal and m* 
(the transverse mass) perpendicular to the symmetry axes. Appendix A gives these 
values. A low tem perature overall electron effective mass for this valley is:
m*L = (16m *(m *)2)3 «  0.56mo (2 .2)
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The tem perature dependence is slight and at 300K m*L = 0.55rao.
There are three valence bands in GaAs which all have their maxima at k = 0, as 
shown in figure 2.3. The heavy hole (Vi) and light hole (V2 ) bands are degenerate at 
their maxima while the split-ofF valence band (V3 ) is separated by 0.34 eV. This lower 
band is ignored for calculations at room temperature because its hole occupancy is 
negligible. Due to the difference in curvature of the two degenerate bands, different 
hole effective masses arise. For the heavy hole band, (V i), m \ h =  0.45mo and for 
the light band, (V2 ), m*h =  0.082mo, at 300K. An overall effective mass, know as 
the density of states effective mass, is defined as:
m , (m jh)2 +(m*hh)2 3 =  0.524mo (2.3)
2.2.2 D ensity  of states
The number of electrons per unit volume in the conduction band (n) is given by the 
probability of there being an electron in a state of energy E  ( f ( E )) integrated over 
all the available states. This probability is governed by Fermi-Dirac statistics and 
is therefore given by the Fermi-Dirac function:
l +  e x p ( ^ )  V kB T  J
where k g  is the Boltzmann constant, T  is the temperature and E g  is the energy 
of the Fermi-level. At temperatures above absolute zero the Fermi level is the 
energy level which has a 50% probability of being occupied by an electron. For the 
condition E  — E g  > k g T  the approximation in equation (2.4) is valid. The energy of 
an electron is taken to be zero at the bottom  of the conduction band and increases 
upwards, while tha t for a hole is zero at the top of the valence band and increases 
downwards.
Integrating over all available states gives:
n  = N c  exp ( — )  (2-5)
where
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is the effective density of states in the conduction band and h is Planck’s constant.
The probability of finding a hole in the valence band is simply the probability of
not finding an electron and therefore the density of holes in the valence band (p ) is:
p =  i V e x p ( - f c ^ )  (2.7)
where
< 2 ! |
is the effective density of states in the valence band.
In an intrinsic semiconductor in thermal equilibrium the electrons are continu­
ously excited from the valence into the conduction band. This process is balanced by 
the recombination of the electrons in the conduction band with holes in the valence 
band. Equal and constant values for n and p  therefore exist, tha t is p  = n  = n{, 
where rii is the intrinsic carrier density. The intrinsic semiconductor has a Fermi 
level (E i)  given by:
r  r  E c  + E v  t k F T  ( N y \  ( ^£ F =  £ i = _ — + _ ln ( _ _ )  (2.9)
derived by equating equations (2.5) and (2.7). It can be seen tha t the Fermi level of 
an intrinsic semiconductor lies close to the middle of the band gap. The Fermi level 
of an extrinsic semiconductor is calculated at the end of this section.
Equations (2.5) and (2.7) may now be re-written in terms of rii and E F.
AT (  E c  -  E i \  ( E F -  E { \  ( E f  -  E i \  (
n = Nc exp rn t iT -J  exp V kgT / =n-exp (2-10)
(  Ei  -  E v \  ( Ei -  E f \  ( Ei  -  E f \  (
v  = i w  exp \ - ^ r )  = niexp \ - k ^ r )  (2-n )
Now it is possible to obtain an expression for in terms of the band gap energy 
{Eg =  E c  - E y ) and the effective density of states in the conduction and valence 
bands:
rii =  y /n p  = y / N CN V exp (2*12)
This clearly demonstrates that it is the band gap energy tha t predominates in the 
determination of the free carrier concentration.
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The addition of either donor or acceptor atoms into the semiconductor will alter 
the position of the Fermi level. Some of the donors and acceptors will become ionised 
by either donating an electron to the conduction band (donor) or by accepting an 
electron from the valence band (acceptor). The Fermi level will adjust to the addition 
of the impurities so tha t charge neutrality in the crystal is preserved. Charge 
neutrality demands for a crystal with a density N a  of acceptor atoms and a donor 
density N d '
n  + N j  = p  + N £  (2.13)
The concentration of ionised donors and acceptors are given by equations (2.14) 
and (2.15) where E a  and E d  are the acceptor and donor energy levels, respectively. 
Each equation has a factor g which is the ground state degeneracy of the impurities. 
For the donor g =  2 due to the Pauli exclusion principle. However, for the acceptor 
level g = 4 because the level is doubly degenerate at k =  0 as a result of the two 
valence bands Vi and V2 [l].
N A = ---------------- N 1 e  e  \  ( 2 -1 4 )
1 +  ffexp ( - f e r £1)
iv+ = n d 1 -
N o
l  + g e x p ( ^ § v - )
(2.15)
For a given semiconductor (thus a known E g) with a known concentration of 
donors, N d , of a given energy E d  and acceptors, N a , at an energy E a  at a given 
tem perature, T, the Fermi level can be found from equations (2.13), (2.14) and 
(2.15), the values of n and p  being given previously by equations (2.5) and (2.7).
It should be noted tha t when impurities are added to a semiconductor, the 
relationship given by equation (2 .1 2 ) for the product np  still holds, and the product 
is independent of the added impurities. Therefore from equations (2.13) and (2.12) 
the electron concentration in a n-type material with only shallow dopants is:
=  I  ( n d  -  N a  +  - J ( N D -  N A y  +  4«?) (2.16)
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2.3 Carrier transport
The carrier distributions have been defined and the above formulation put in place so 
tha t the Fermi level can be calculated from a basic knowledge of the semiconductor 
type and doping. The transport properties of the carriers must now be explained if 
practical devices are to be understood.
Electrons in the conduction band have a random therm al velocity, vth, given by:
\ m *nv th =  \ kn T  (2.17)
At room tem perature the electron thermal velocity is of the order of 104 m s-1 . A 
corresponding relationship also applies for holes.
Under the application of an external electric field (£) a drift component is added 
to the carrier motion. The low field drift velocities for electrons (un) and holes (up) 
are:
Vn = ~ P n £  (2.18)
vp = fiv£  (2.19)
where the constant of proportionality is the mobility (/in,p) of the carriers which is 
both carrier and material dependent. The negative sign is present as the carriers 
move in opposite directions. The drift velocity gives rise to a drift current ( / ) :
J  = nqv = nqjiE  (2.20)
The mobility depends on the effective mass and tem perature of the carrier. W ith 
decreasing mass the mobility increases, thus in GaAs electrons have a much higher 
mobility than holes. For high electric fields the above relationships are no longer 
valid as the mobilities are affected by the scattering of carriers in the material and by 
the transfer of electrons into the upper valley in the conduction band, (see figure 2.3).
Electrons in the direct band, lower valley, have very high mobilities (8500 cm2V - 1 s_ 1
at 300 K) resulting in high velocities at low electric fields. As the electric field is 
increased the electrons are scattered into the indirect upper valley where the mobility 
is reduced due to the increase in effective mass. This is known as the ‘transferred 
electron’ effect. As a result the average group velocity of the electrons begins to  fall,











Figure 2.4: Carrier drift velocities as a function of electric field in GaAs.
(noticeably for fields above 3 X  103 Vcm-1 ), as the population of electrons in the 
upper valley rises. The drift velocity as a function of electric field for the carriers in 
GaAs is shown in figure 2.4.
Evident from figure 2.4 is the low hole velocity due to its low field mobility of 
only 400 cm2V- 1s- 1  at 300K. To increase the average hole velocity the electric field 
must be increased. Similar electron and hole velocities can be achieved at fields 
greater than 1 x 104 Vcm - 1  but only at the expense of the electron velocity.
The resistivity (p) of a semiconductor is defined as the proportionality constant 
between the electric field and the drift current, which at low fields depends upon 
the mobility of the carriers:
P =  % = - , ------  X (2.21)J  q{npn + p p p)
The conductivity (cr) of the sample is defined as the reciprocal of the resistivity:
a  =  q (n p n +  p p v ) (2 .2 2 )
For intrinsic GaAs at room tem perature the value of the resistivity can now be 
calculated. The intrinsic carrier concentration is found with equation (2.12) and 
the values of the effective density of states are given in appendix A. W ith a band 
gap energy of 1.423 eV at room tem perature equation (2.12) yields 2.4 X  106 cm - 3  
for the intrinsic carrier concentration. For the low field mobilities a resistivity of
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3.9 X  108 Hem follows from equation (2.21). For an n-type material, where N d  
and N d  >■ N a ,  the resistivity from equations (2 .2 1 ) and (2.16) is:
P = — T T  (2-23)qy.ND 7
A high resistivity has implications for the extension of the depletion region inside a 
device and therefore for detector operation, as will be explained in section 2 .5 .2 .
Carriers in a semiconductor diffuse as well as drift, a fact which is very im portant 
in the processes tha t result in the equilibrium of many devices. The carriers diffuse 
with a flux tha t is proportional to the carrier concentration gradient. As the current 
density is simply the flux of carriers multiplied by the electron charge (q) then the 
diffusion currents are:
_ dn  ,
Jn =  qD n —  (2.24)
Jp = (2-25)
where D n and D p are the diffusion coefficients for electrons and holes respectively. 
Again the negative sign arises due to the relative motion of the electrons and holes.
The diffusion of electrons results in a change in the carrier concentration and
therefore the electric field distribution will be altered. The movement of charge
from point A to B due to diffusion will create an electric field tha t will oppose this
motion and tend to cause electrons to drift from B back to A. In equilibrium these 
balance:
dn
^drift — ^diffusion ~* qn ^ n ^ x  — (2.26)
If the concentration gradient is described by n = noexp(^^r), as it often is, then 
Einstein’s relationship between the mobility and diffusion constant follow:
D„ =  ( ^ 1 )  (2.27)
D p =  ( ^ )  n P (2.28)
2.4 Recom bination processes - carrier lifetim es
An ideal radiation detector is required to collect all the charge tha t is deposited 
in the material by an ionising particle. To do this the charge carriers must be
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Figure 2.5: Recombination processes in gallium arsenide.
able to travel through the volume of the detector and reach the contacts without 
being stopped. The carriers will not do this if they recombine with each other or 
are trapped in an energy level in the forbidden energy gap, tha t is if electrons are 
removed from the conduction band and holes from the valence band. The carrier 
constant tha t characterises this removal is the carrier lifetime. This section will 
discuss the recombination processes tha t occur in a semiconductor and the effect of 
these on the carrier lifetimes, drawing on GaAs for examples.
In therm al equilibrium the product of electron and hole concentration is equal to 
the square of the intrinsic carrier concentration, as stated earlier. When a process 
occurs tha t changes this, for example the liberation of electron hole pairs by an 
ionising particle, n p  ^  n f  and restoration processes occur in the semiconductor. 
Figure 2.5 shows the two main processes. The first is a band-to-band process 
where an electron in the conduction band recombines directly with a hole in the 
valence band. The energy is liberated either as a photon (radiative recombination) 
or directly to another electron or hole, the Auger process.
For direct band gap semiconductors radiative recombination should dominate. 
This process will result in a shorter carrier lifetime in pure GaAs than in silicon and
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germanium which are not direct band gap materials. The radiative recombination 
lifetime for minority carriers (rc), holes in an n-type semiconductor, can be expressed 
as:
r< = s r  (2-29)
where B  is the probability of radiative recombination with units of cra3 s -1 , and n m 
is the majority carrier concentration (electrons for n-type material), with units of 
c m ~ 3.
The net recombination rate (R r in Hz) is:
R r = B (n p  — n?) (2.30)
where the difference between the product of the non-equilibrium carrier concentra­
tion and the square of the intrinsic carrier concentration is zero at equilibrium.
In GaAs B  has been calculated to be 1.74 x 10- 1 0  cm3s-1 [19]. Very pure material 
should have a reasonably long carrier lifetime, according to equation (2.30). For n- 
type GaAs with a carrier concentration of 1 x 1014 cm-3 , a hole (minority carrier) 
lifetime of 57.5 /is is predicted which gives a mean absorption length of order 1000 f im  
for a electric field of order 1 V///m.
Chapter 4 will show that such values have not been observed in bulk SI-U GaAs. 
Other processes must therefore be present that reduce the carrier lifetime. Other 
evidence to this effect is tha t radiative recombination lifetimes are inversely propor­
tional to the doping concentration so tha t, as the doping concentration changes 
in n-type material, the hole lifetime should alter. However, for concentrations 
below 1018 cm - 3  the lifetime has been shown to remain constant [20]. Radiative 
recombination is therefore not the major process.
GaAs tha t has undergone irradiation shows reduced mean carrier absorption 
lengths and therefore lifetimes (see chapter 5). As radiation introduces traps in the 
m aterial it is therefore expected that traps will explain the observed carrier lifetimes 
even in the unirradiated material.
Such a method of carrier recombination is shown as the second process of figure 
2.5. In this figure a deep energy level (E t) is present close to the intrinsic Fermi 
level of the semiconductor, tha t is close to mid-gap. Four processes are allowed to 
occur between the conduction and valence bands and the deep level. An electron
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in the conduction band can be captured by the level, described by the electron 
capture coefficient of the level (cn). An electron may be emitted from the level 
to the conduction band, characterised by an electron emission rate en . The third 
process is the capture of a hole from the valence band by the level, and the level 
will therefore also have a hole capture coefficient (cp), while the fourth process is the 
emission of the hole back to the valence band, with emission rate ep. This can be 
thought of as electron emission from the valence band as represented by the dashed 
line in the figure. Figure 2.5 shows the state of the bands and the deep level both 
before and after these processes.
In a recombination event, the first and third processes occur and a generation 
event occurs when the fourth process follows the second. A final event type is 
trapping, which is neither generation nor recombination. This happens when the 
first and second processes follow each other (the capture of an electron and then, at 
some time later, its re-emission back to the conduction band) or when the third and 
fourth processes occur - hole trapping. Trapping events only involve the deep level 
and one of the bands. W hether a deep level is a trap or a generation-recombination 
centre depends upon the energy level with respect to the Fermi level, the tem perature 
and the capture cross-sections of the level. Generally a generation-recombination 
centre is close to the middle of the band gap, while a trap  is closer to one of the 
bands.
Normally only one of the carrier emission rates dominates. If the level is in the 
upper half of the band the electron emission rate is often larger than the hole rate and 
hole emission can be neglected. For levels in the lower half of the band the situation 
is reversed. It should be noted tha t recombination is more likely when there is an 
excess of carriers in the semiconductor and generation will occur in situations where 
the carrier density is low. An example of this is given in the section on generation 
current in the space charge region (see section 2.6.5).
The recombination process will now be considered. Shockley-Read-Hall[l] s ta t­
istics describe the single-level recombination rate (R srh) as:
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for a concentration N t  of deep levels at an energy E t , where
f ' E i - E x ' i  m  o^\n ! =  n; exp ( ^  ] (2.32)
and
'n,p
pi =  m  exp ) (2-33)
are the minority carrier lifetimes for electrons and holes defined by:
TniP =  — -—  = ---------   (2.34)
^n ,p^T  ^n,p^th{n,p)^T
where cUjP are the carrier capture coefficients, a n)P the carrier capture cross-sections 
and Vthfap) the carrier thermal velocities. The deep level recombination rate will be 
zero under equilibrium conditions, that is when np  = n j .
If both lifetimes are equal, simplification of this expression occurs:
R ‘rh =  ~ ( ---------------- n P ~ n \ ( E T E  \ \  <2 -3 5 )t  \ n  +  p  +  2 rii cosh ( )
It follows tha t recombination will be a maximum for a value of E t  ~  E{, tha t is an 
energy level near mid gap.
It can be seen that for an n-type semiconductor, where n n «  n no, n n rii an(i 
n n >> p n , the recombination rate is determined by the lifetime of the minority carrier 
(holes) and is given by:
R srh = Pn ~  Pn0 (2.36)
TP
Here the subscripts n  and 0 denote the n-type semiconductor and the equilibrium 
value of the carrier concentrations, respectively. This expression is only valid when 
the number of injected carriers is much smaller than the number of majority carriers.
Charge injection into the material by a high energy particle or electrical biasing 
of the device will increase both the radiative and the single level recombination 
terms of equations (2.30) and (2.35). The higher rate will be the dominant process. 
As already stated, the dominant process in GaAs is most likely the single level 
recombination rate even though the radiative rate is higher in this material than in 
silicon or germanium.
An operational particle detector is not in therm al equilibrium due to the large
external electric field applied to the bulk of the device. Therefore the measured
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carrier lifetimes in GaAs in thermal equilibrium do not represent the correct 
lifetimes when charge collection is being considered. Due to the large electric 
field the concentration of electrons in the conduction band is small and therefore 
recombination is unlikely. Trapping is therefore the most probable carrier loss 
mechanism. At the instant of electron hole pair creation by the ionising particle, 
however, both carriers are in close proximity. This is termed the detector plasma 
time. Before carrier separation has taken place, recombination may occur in the 
plasma which will be dominated by deep level recombination in GaAs. The overall 
detector carrier lifetimes are therefore a combination of the plasma recombination 
lifetime and the trapping lifetime during the collection period.
2.5 M etal-sem iconduct or contacts
GaAs particle detectors are diodes operated in reverse bias. The diodes are realised 
in one of three ways: the p-i-n structure, a ip-ir-v-n in-diffusion gradient, where 7r and 
v are lightly doped p- and n-type material, or with the use of a metal-semiconductor 
Schottky contact. As the work detailed in this thesis is concerned primarily with 
detectors fabricated with the metal-semiconductor contact, only the theory relevant 
to this device structure will be discussed. Details of p-i-n contacts and detectors 
can be found in reference [2 1 ] while reference [2 2 ] contains details of the in-diffusion 
gradient type of detector. This section and the next are primarily concerned with 
the theory of ideal Schottky contacts, as formed on semiconductors with no deep 
defects. Section 2.9 details the effects that deep defects have on such devices. The 
equipment used to characterise the barrier is described in chapter 3, while chapters 4 
and 5 report on the measurements actually made.
2 .5 .1  T h e  S c h o ttk y  b arrier
Barrier formation is discussed first followed by the process of field penetration into 
the semiconductor. Field penetration creates a space-charge region which is vital 
for particle detectors as only carriers deposited by ionising particles in this region 
are separated and collected. The effect of surface states on the barrier are outlined 
and an examination of image-force lowering of the barrier closes this section.
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Barrier form ation
The rectifying barrier is formed when a metal and a semiconductor are brought into 
direct contact with each other. Free passage of current is allowed by the barrier in 
one direction while the flow in the other direction is inhibited; this constitutes the 
rectifying nature of the contact.
A semiconductor has an electron affinity (xs) which is the difference in energy 
between the bottom  of the conduction band and the vacuum state. For a semicon­
ductor in which the bands are flat, that is without the presence of any electric fields, 
the work function (<^ s) and the electron affinity are related by:
q<i>s = q(xs  + vn) (2 .37)
where qVn is the energy difference between E c  and E p  and is equal to:
K=¥ ln( S  (2-38)
for an n-type semiconductor where N d  >> n; and N p  N a -
The formation of a barrier without surface states on n-type material is shown 
schematically in figure 2.6. At the start both metal and semiconductor are electri­
cally neutral and separate from each other. They are then connected electrically and 
because the semiconductor work function is lower than that of the metal electrons 
will enter the metal from the semiconductor and the two Fermi levels will line up 
(figure 2.6(b)). Due to the lowering of the semiconductor Fermi level, the energy of 
electrons tha t have entered the vacuum state from either material will be different,
therefore an electric field directed towards the metal will exist across the gap. A
negative charge is produced on the metal which is balanced by a positive charge in 
the semiconductor. Positive charge is produced in the semiconductor by electrons 
receding from the contact to leave uncompensated positive donor ions, known as the 
depletion or space charge region. As donor densities are much less than the electron 
concentration in a metal, a relatively large positively charged area will be produced 
in the semiconductor while the extra charge in the metal is contained in a thickness 
of approximately 0.5A.
Due to the removal of electrons, the Fermi level in the semiconductor changes 
position relative to the bands, resulting in the bands being bent upwards as the


















(a) Isolated (b) Electrical con­
nection
(c) Separated by 
a narrow gap
(d) In perfect con­
tact
Figure 2.6: The formation of a barrier at a metal-semiconductor interface.
Fermi levels of the two materials must remain the same (shown in figure 2.6). The 
difference in the vacuum states for the metal and semiconductor (V;) is given by the 
product of the separation distance (<$) and the electric field in the gap (£). As the 
two are brought into closer contact 6 is reduced and therefore V; must tend to zero to 
keep E finite. When 6 = 0 the barrier height (<f>b) for a perfect metal-semiconductor 
contact is:
4>b = $ m -  Xs (2.39)
The diffusion potential (V^ = V^ o for zero external potential) is defined as the 
difference in potential across the depletion region, that is the difference between the 
barrier height and Vn:
Vjo = <t’b ~ V „  (2.40)
The shape of the potential barrier depends on the charge distribution in the 
depletion region. The barrier can raise the bottom  of the conduction band by a 
few times k s T / q  which causes the electron density to be reduced by an order of 
magnitude, implying tha t the space-charge is entirely due to the uncompensated 
donors. If the donor concentration is homogeneous up to the barrier then the 
Schottky barrier is produced. The electric field increases linearly with distance 
from the edge of the depletion region, and the potential increases quadratically, as 
will be discussed in section 2.5.2.
However, if at the surface the donor density is negligible the electric field would











Figure 2.7: The Schottky and Mott barriers for an n-type semiconductor.
be constant over this layer. A linear potential will arise in this area and become 
quadratic only in the area of significant donor concentration, as shown in figure 
2.7. This is the M ott barrier. A similar potential distribution has been found in 
GaAs devices under high bias but the reason is quite complex and is discussed 
in section 2.9.3. M ott barriers are not common and only the Schottky barrier is 
considered further.
Figure 2.8 shows the second situation which occurs at a metal- n-type semicon­
ductor contact when the metal work function is less that that of the semiconductor. 
Here electrons will encounter no barrier from the semiconductor to the metal. If the 
junction is forward biased the bands are bent down still further and the current 
is determined by the bulk resistance of the semiconductor and not the contact 
properties. This is the ohmic contact, discussed in more detail in section 2.7 and in 
section 3.1.3.
2.5.2 D ep letion  approxim ation
The definite energy relationship between the conduction and valence bands of the 
semiconductor and the metal Fermi level at a metal-semiconductor junction make 
it possible to find expressions for the depletion width, the electric field strength





(a) 4>m > <f>3 rectifying (b) (j>m < <f>s ohmic
Figure 2.8: The metal barrier on an n-type substrate for different metal-work functions.
and the electrostatic potential of the barrier as functions of the barrier height, bias 
voltage and semiconductor impurity concentration. The depletion approximation 
states tha t the free carrier density at the edge of the depletion region has an abrupt 
fall from its bulk value to a negligible one with respect to the donor or acceptor 
concentration. In reality the transition occurs smoothly over the distance in which 
the bands are bent by about S k g T /q .
Assuming only shallow dopants, the charge density of an n-type semiconductor 
of donor density N d  equals q N p  in the depleted region and is zero in the neutral 
region. For a semiconductor with both donors, with a density N o ,  and acceptors, 
of density N a , the net charge density is q (N n  — N a )- The potential due to this 
charge is dropped entirely across the depleted part of the semiconductor, of width 
w, resulting in an electric field given by Gauss’s theorem of:
d S  _  q N p  
dx  €,
(2.41)
where es is the permittivity of the semiconductor. The boundary conditions on the 
field are tha t it equals zero for x > w  and x  < 0 , where x  is zero at the metal- 
semiconductor interface and increases into the semiconductor. The electric field 
strength as a function of x  is therefore:
ci  \ VN d i \ o (x )  = ---------(w  — X)
£c
(2.42)
with a maximum (Zmax) at the interface of:
c _  q N Dw  _  Q d
Om.n.m — — (2.43)
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where Q d  is the to tal charge per unit area of the uncompensated donors in the 
depletion region. As the electric field varies linearly with x  between x =  0 and 
x  = w  the average field is:
1, „ . 1 q N n w
Save = ^ \Smax\ =  (2-44)
Due to  the fact th a t the potential is zero outside the depletion region the potential 
in the region (<f)(x)) may be found as follows:
P W
(f){x) =  / Sd x
Jx
f w q N D (x)= — I ---------------— x)d x
Jx €s
= (2*45) 
This has a quadratic dependence on x  with a maximum value at x  =  0 of:
(2.46)
Z€s
which is the difference in potential across the depletion region (the diffusion 




2  q N o
v ‘ -  S r , | ! J I 1
From equation (2.47) the differential capacitance per unit area is given by:
r _ d Q D _ / e , q N E . .
c  -  ~  v w r )  -  w  (2-48)
It is clear th a t the capacitance and Vd are related by the doping density, and it 
will be shown in section 2 .8  tha t N p  can be determined from capacitance voltage 
measurements.
The energy of the bottom of the conduction band relative to the metal Fermi 
level is:
E c {x) = q<f>b +  q(<f>(0) -  <f>(x))
= qcj>b +  q ^ D ( x 2 -  2w x )  (2.49)
Z6 c
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which is a result used in section 2 .6 .1 .
If the depletion approximation is extended to take into account the transition 
zone at the edge of the depletion region, expression (2.50) follows for the depletion 
width, which can then be substituted into the expressions for the electric field 
strength and the electric potential.
The differential capacitance is still given by es /w .  The depletion width is inversely 
proportional to N& and therefore for a very high density ( N p  > 1 0 18 cm-3 ) the 
depletion layer will be much less than 1/zm. This result is very im portant in the 
construction of ohmic contacts, see section 2.7.
The depletion width for an n-type semiconductor, for which N q  >  nz-, can be 
expressed in terms of resistivity (equation (2.23)) as:
w = ^ 2 e sfinp ( v d -  ^ (2.51)
On the application of an external bias (V ) the diffusion potential of equation 
(2.40) becomes:
Vd = 4>b -  V  -  Vn (2.52)
The barriers considered so far are for the ideal case with no surface states. Surface 
states, however, are present for all semiconductors, and for GaAs in particular, so 
their effect must be included in barrier formation.
2 .5 .3  S u rface s ta te s
Barrier heights have been found to be less sensitive to the metal work function than 
implied by equation (2.39), and in some cases almost completely insensitive. Surface 
states are responsible for this effect.
The model assumes that the metal and the semiconductor remain separated by 
a thin insulator, the interfacial layer ~  1 0 A thick, and that at the surface there is 
a continuous distribution of surface (interface) states. Electrons can easily tunnel 
through the interfacial layer and therefore the barrier is due to  the band bending in 
the semiconductor, as before. Figure 2.9 shows a junction with such a layer under
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Vacuum levelConduction band 
of insulator \
(a) Forward bias (b) Flat band
Figure 2.9: The metal-semiconductor barrier with an interfacial layer under forward bias 
Vf and in the flat band state.
a forward bias (V /) and in the ‘flat band’ state, corresponding to a large forward 
bias. Listed below are the three sources of charge in the barrier and the property 
th a t governs them.
• Qm - charge on the surface of the metal: 
determined by the electric field strength in the insulator.
• Q p  - charge due to  uncompensated donor ions in the depletion region: 
depends on the depletion region width and donor density.
• Qss - charge in the surface (interface) states:
defined by the density of surface states and their occupation probability.
As no electric field is present in the bulk of either the metal or semiconductor, 
charge neutrality is obtained when the sum of these three sources of charge equals 
zero. W ith no surface states the negative charge at the metal surface equals the 
positive charge of the uncompensated donors.
The size and sign of the surface charge will depend upon the relative values of
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Figure 2.10: The barrier height measured on n-type GaAs as a function of metal work 
function [2].
the Fermi level and the surface states neutral level (q(f>o) which is the energy level 
defined so th a t surface neutrality exists when the surface states up to this level are 
full. If the density of surface states is very large then the Fermi level and the neutral 
level will approach each other, that is q<f>o «  E p .  As q<f>o is measured from the top 
of the valence band, the barrier height is:
q<f>b ~  E g -  q<f)o (2.53)
The barrier is ‘pinned’ by the high density of surface states and is effectively
independent of the work function of the metal.
GaAs has a high density of surface states and it is expected tha t the barrier 
height will be pinned at the Fermi level in this material. The barrier height on
n-type GaAs is shown as a function of work function in figure 2.10. It is clear from
the figure tha t the barrier height has a slight dependence on the work function but 
less than tha t given by equation (2.39). The barrier height of titanium on GaAs 
( q 0 f ) is 0.83eV[23].
Due to  the presence of surface charge the barrier height has a dependence on the 
applied bias and therefore the magnitude of the electric field in the barrier.
The barrier height with an arbitrary applied bias is[2]:
06  —  06  OtSmax —  06 ^ 0 6 (2.54)
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where:
a  =  ---------------------------------------------------- (2.55)
€i +  qSD s
and €{ and es are the permittivity of the interfacial layer and semiconductor 
respectively, given in appendix A for GaAs. D s is the density of interface states per 
unit area per eV, and $  is the flat band barrier height. The ‘flat band’ situation 
is when a large forward bias is applied, causing the depletion region to disappear; 
tha t is, the bands in the semiconductor are no longer bent, see figure 2.9. The flat 
band barrier height is[2]:
$  =  -  X .)  +  (1 -  P - ) ( E „ / q  -  f o )  (2.56)0€§ c€s
As Ds approaches zero the flat band barrier height approaches (f)m - x s, tha t is the 
barrier height predicted for a perfect contact, as expected. For an infinite density 
of surface states q<f>® —> E g — qcf)o and the barrier is ‘pinned’ as discussed previously. 
The density of surface states has been assumed to be field independent which is true 
up to very high values of field and thus large values of q A fo  ( > 0.1 eV).
The barrier height may be expressed in terms of the applied bias and doping 
concentration as:
&  =  $ - Q ( ? ^ ) 2 ( v d - ^ y  (2.57)
or
a 22 q N p
& =  $  - (2.58)G V q
The barrier is thus a decreasing function of external reverse bias and N d -
W ith thin interfacial layers and moderate values of surface state density (D s <
1 X  1013 eV-1cm-2 ), a barrier lowering of less than 0.02 V occurs for a diffusion
potential of 0.5 V and a donor density of less than 1 X  1016 cm-3 . Due to the larger
biases applied the effect is more pronounced under reverse bias, see section 2.6.5.
2 .5 .4  B arrier  im a g e  force low erin g
The charge carrier image-force induced lowering of the barrier is now considered.
When an electron approaches a metal surface a positive charge will be induced
on tha t metal surface, resulting in an electron at a distance x  from the surface
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experiencing a force q2 /  4ir€s(2 x )2. Because of this attractive force the electron has 
the negative image potential energy —q V i:
q f°° dx  





relative to that of the electron at infinity.
The image potential field must be superimposed on the potential of the Schottky 
barrier. The image potential field is non-negligible only near the surface, where the 
field due to the Schottky barrier can be considered to be constant at a value Emax- 
Using the depletion approximation of the previous section for Smax and including 
the transition region at the edge of the depletion region:
en a m = ^ E f { v i - k- ^ f  (2.60)
The maximum potential energy occurs at a distance x m where the resultant
electric field vanishes; that is where the image potential field and the field in the
depletion region are equal and opposite, so:
-  Smax (2.61)16tt esx 2m
The barrier is lowered due to the image force by an amount A 0^:
— XmSmax T =  2Xm Emax167T 65 X y y i
Q.S'mc”' ^ 2
A k  €s
Substituting for Emax (equation (2.60)) and Yd  (equation (2.40)) gives:
(2.62)
(2.63)
*» = i Mife)* (* -v - *• - h- f  )"* (2-64)
The image force lowering of the barrier can now be calculated from either Smax or 
the external bias (U) applied to the barrier. For GaAs with Emax =  1 X  105 Vcm-1 
a barrier lowering of 0.036 V is obtained.
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Figure 2.11: Transport processes in a forward-biased barrier.
Taking into account all the mentioned effects that affect the barrier height, the 
variation of barrier height as a function of metal work function for n-type GaAs 
shown in figure 2.10 can be explained well theoretically.
2.6 Current transport in m etal-sem iconductor contacts
The current transport mechanisms of both forward and reverse biased contacts will 
now be discussed.
Electrons may cross a forward biased metal-semiconductor barrier in the four 
ways shown in figure 2.11, with the inverse processes taking place in a reverse biased 
barrier. The four processes shown in the figure are:
• a: emission of electrons over the top of the barrier into the metal.
• b: quantum-mechanical tunnelling of an electron through the barrier.
• c: recombination in the space charge region.
• d: recombination in the neutral region - hole injection.
Schottky barriers for which the first process is dominant are referred to as ideal. 
This process will be described first. SI-U GaAs diodes will be shown subsequently 
not to  exhibit an ideal behaviour at operational biases.
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2 .6 .1  E m iss io n  over th e  barrier
There are two models which describe the emission of electrons over a Schottky 
barrier. They arise from the initial limiting assumptions on the electron transport 
from the semiconductor into the metal. Neither is correct and a combined theory is 
necessary.
The transport of electrons may be limited either by the transport processes of 
drift and diffusion of the carriers across the depletion region or by the emission into 
the metal. The first case gives rise to the diffusion theory of current transport while 
the la tter is the thermionic emission theory of Bethe[24], Both theories make use 
of hypothetical energy levels known as the quasi-Fermi levels (£n and £p) which are 
used to predict the non-equilibrium behaviour of the carriers. When ( n is used in 
place of the Fermi level in the Fermi-Dirac equation the correct concentration of 
electrons in the conduction band is determined.
D iffusion th eory
Diffusion theory states that the boundary condition on the electron density in the 
conduction band at the metal interface is tha t the density remains unchanged with 
applied bias. This corresponds to the electron quasi-Fermi level in the semiconductor 
and the Fermi level in the metal being equal. The quasi-Fermi level must therefore 
drop down from the level in the depletion region to tha t at the barrier.
For the rectifying junction the current dependence on bias voltage from diffusion 
theory is:
J  = qN c^Zm ax  exp ( 77% )  exp ~  1
\ k B T J
a form close to tha t of an ideal rectifier:
(2.65)
J  = Jo (2 .66)
with the difference tha t Emax has an applied bias dependence, as shown by equation
i
(2.60), and is proportional to F j2. At very large values of reverse bias, the current 
does not saturate therefore but increases as V  2 .
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Therm ionic-em ission theory
The current limiting process in thermionic-emission theory is the rate of transfer of 
electrons across the interface. The current consists of two components: the flow of 
electrons from the semiconductor into the metal and the electron flow in the reverse 
direction. The effect on the transport process due to drift and diffusion is assumed 
to be negligible, which implies that the mobility is infinite.The quasi-Fermi level is 
flat in the depletion region and must coincide with the Fermi level in the bulk of the 





T q N c v th f - q ( 4 > b - V } \
Jsm = k e T  )  (2.67)
for a semiconductor with an isotropic distribution of electron velocities, where vth 
is the average electron thermal velocity.
The current due to electron flow from the metal to the semiconductor (J m s) is 
analogous to thermionic emission from the metal with the barrier replacing the 
work function, which at present will be assumed to be bias independent. W ith no 
external bias there is no net current flow and therefore:
Jms = J Sm (V  =  0) = q-N(^ V— exp (2.68)
W ith an external bias the net current flow is the difference in the currents J sm and 
J m s, thus:
/iA/V>7Ki /  nrhi \  T /  n \/ \  1
(2.69)T qNcvth J  — —   exp (  q<$>b \
V kB T j
For a Maxwellian distribution of electron velocities in the semiconductor with 
an effective mass m *:
vt h = ( S- ^ J - Y  (2.70)V 7r m* J
Substituting for vth and N c  (equation (2.6)) into equation (2.69) gives equation 
(2.71) for the thermionic-emission current for a metal-semiconductor junction, where 
Jo is the reverse bias saturation current, A* is the Richardson constant given in
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equation (2.72) and mo is the free electron mass.
{ Q V \J  = Jo exp
\ k B T j
-  1
Jo = A * T 2 exp ( - V h _ \
k B T J
A* =






In deriving equation (2.71) the barrier height was assumed to be bias independent 
which resulted in an ideal rectifier. However, in practice, the barrier height is a 
function of bias. Even in the perfect contact the barrier will be reduced by A0&; 
due to the image force (see section 2.5.4) and the effective barrier ( 0 e )  is:
0 e  — 0 6  A 0 f o (2.73)
Section (2.5.3) showed tha t for practical devices with an interfacial layer 0t is 
actually bias dependent. The effective barrier height is therefore a function of bias 
for two reasons which will alter the current voltage characteristic found above.
If the variation of effective barrier height with bias is assumed to be constant 
then the barrier may be expressed as:
0 e  — 060 — A0tio +  (3V (2.74)
where the 0 represents the zero bias values. As the barrier increases with increasing 
forward bias ft is a positive constant. The expression for the current given by 
equation (2.71) may now be written as:
J  = A*T2e x p l -  
J  =
q((j)bo -  A0&io + (3V)
k B T
M - S ) b ( £ H
where
Jo = A * T 2 exp *?(06O  A 0 J t’o ) \
k B T  J
The junction is no longer an ideal rectifier. The ideality factor (n) given by:
( 2 . 7 5 )
(2 .76)
CH APTER 2. SEMICONDUCTOR THEORY. 47
may be introduced to re-express the current as:
7 7 ' * VJ  = Jo exp
1 -exp(5 )n k s T ,
For an applied bias V  > 3 kB T / q  this expression simplifies to:
(2.78)
J  = Jo exp (d&) - 1 (2.79)
Experimentally the value of the ideality factor may be obtained by plotting 
ln ( jy [ l — exp(—q V /k B T )] )  against V .  The gradient of the curve is n k e T . It should 
be noted the n is normally a function of bias and the curve will not be a straight 
line. For an ideal barrier n  is close to unity and deviations from this are a measure 
of the difference between the experimental junction and the ideal situation.
Combined theory
The two theories may be combined by placing the thermionic and diffusion currents 
in series. A quasi-Fermi level at the metal-semiconductor interface is defined tha t 
results in both currents being equal and a thermionic recombination velocity (pr ) at 
the top of the barrier is introduced, defined using the net electron current into the 
metal («/), as:
J  = vr (n  — no) (2.80)
where no is the equilibrium electron density at the top of the barrier at zero bias. 
The first term represents the current from the semiconductor into the metal while 
the la tter is that into the semiconductor. For the thermionic-emission theory, where 
all the electrons that pass over the maximum of the barrier are said to enter the 
metal, vr = v th /4.
The current is given by:
q N c vr f~q<f>b\ r {  Qv  \  1 -----— exp - —— exp -—— -  1
J  1 +  ^  0XP V k B T  J GXP \ k B T j (2.81)
where Vd is the effective diffusion velocity associated with the transport of electrons 
from the edge of the depletion layer (x  = w) to the potential maximum. Making 
the approximation tha t the electric field is constant and equal to  Smax implies 
V d  =  l ^ S m a x  •
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If Vd »  vr the thermionic current dominates, tha t is to say tha t the limiting 
current is tha t of the emission of the electrons over the barrier into the metal. If 
vd < <  vr then the limiting factor is the drift and diffusion of the electrons and 
diffusion theory now applies.
So far it has been assumed tha t all the electrons which cross the top of the barrier 
will enter the metal and not return. However, the electrons can be scattered back by 
a process involving phonon emission or they may be quantum mechanically reflected 
by the barrier. Including these effects leads to the inclusion of two probability 
factors. The first ( f p) is the probability of the electron reaching the metal without 
being scattered back into the semiconductor. A field dependence exists for f p as the 
reflections occur in the region between x =  0 and x  = x m . As the field increases x m 
is reduced and f p asymptotically approaches 1. In GaAs f p = 0.85 for T = 300K and 
E m a x  — 4 X  104 Vcm-1 . The second probability factor (f q) is related to quantum 
mechanical reflections and tunnelling through the top of the barrier. This is field and 
tem perature dependent due to the temperature dependence of the electron energy. 
For high fields f q > 1 due to tunnelling effects, at low fields f q approaches 0.6 in 
GaAs at room temperature[2].
The complete expression for the current, taking into account these effects, is:
J  = J , exp GS) -1
J s =  A**T2ex p ( - j ^ )  (2-82)
where
=  r f f e  (2-83)
Vd
which does in fact have a bias dependence. This is masked, however, by the image 
force lowering of the barrier.
Sze states [1] tha t for most Ge, Si and GaAs Schottky barrier diodes the current 
is due to the thermionic emission of majority carriers, that is the diffusion current 
does not play an im portant role in the current characteristics.
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2 .6 .2  T u n n e llin g  cu rren t
For semiconductors tha t are either heavily doped or operated at low temperatures
through the barrier. Two additional sources of current are possible: field emission 
and thermionic-field emission currents.
Field-emission is the current that results from electrons with energies close to the
is raised the electrons are excited to higher energies and therefore see a thinner 
and lower barrier with the result tha t the tunnelling probability increases. The 
actual number of electrons with a given energy decreases with increasing energy 
and thus there is a maximum current for electrons at an energy E m above the 
conduction band. This is thermionic-field emission. As the tem perature is raised 
still further the number of electrons that have sufficient energy to go over the top of 
the barrier increases and thus pure thermionic emission results as the contribution 
from tunnelling becomes negligible.
At a tem perature of 300K the contribution to the current from tunnelling for an 
n-type GaAs barrier is only significant for doping concentrations above 1017 cm-3 
and is seen experimentally as the departure of the ideality factor from unity[2].
If the tunnelling component dominates then the current is given by[2]:
It can be seen tha t the tunnelling current will increase exponentially with y/Nr>.
Field emission becomes im portant for ohmic contacts which are usually fabri­
cated as a Schottky barrier upon a highly doped layer.
2 .6 .3  R e c o m b in a t io n  cu rren t
The third source of current shown in figure 2.11 is the recombination current. 
Recombination has been discussed in section 2.4. The theory of recombination 
current is the same here as tha t for p-n junction diodes where the product np  maybe
the current can become dominated by electrons that quantum mechanically tunnel
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expressed as:
2 I ?(Cp Cra)n p  =  n* exp '
k B T
(2 .86)
for a forward biased diode, where ( n and (p are the qnasi-Fermi levels for electrons 
and holes respectively. Substitution into the recombination rate derived from 
Shockley-Reed-Hall statistics, given in equation (2.31), results in an expression for 
the recombination rate under forward bias which implies tha t the maximum rate 
occurs when the trap  is at the energy at the middle of the band gap. Integration 
of the recombination rate with respect to x  over the depletion region results in the 
recombination current:
J r — JrO exp ( - £ - )  _  ! 







and w  is the thickness of the space charge region, n{ is the intrinsic carrier
—Econcentration, which is proportional to exp(2fc- ^ ), and rr is the lifetime in the 
depletion region. The to tal current is simply given as the sum of the thermionic- 
emission and the recombination currents:
J  — Jte T  Jr — JiO
exp ( & )  - 1
+  JrO exp ( - * - )  -  1 \ 2 k B T  ) (2.89)
For bias voltages above AkB T / q  the ratio of thermionic and recombination current 
becomes:
J,te (  Eg +  q V  — 2q(f>i,—  oc rr exp —----- -——------
J r \  2 kB T
(2.90)
Therefore for increasing values of ry, V  and E g the contribution from the recom­
bination current is reduced, while for increasing barrier height it is increased. The 
current becomes im portant for GaAs diodes because: the lifetimes are short, the 
barrier heights are all reasonably large due to surface state pinning, and the high 
concentration of mid gap energy states.The ideality factor lies between 1 and 2 with 
values closer to 2 implying a larger contribution from the recombination current.
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2 .6 .4  H o le  in jec tio n
If the barrier height on an n-type semiconductor is larger than half the band gap, 
which it often is, the barrier to hole injection is small enough to allow a high density 
of holes to build up in the region of the semiconductor adjacent to the metal and 
here the semiconductor becomes p-type. The holes may now diffuse into the neutral 
region of the semiconductor.
If the hole quasi-Fermi level is assumed to be flat in the depletion region and 
equal to the Fermi level in the metal then the hole transport to the space charge 
region via drift and diffusion in the neutral n-type region may be expressed with the 
same equations that apply for pn junctions. Consider a junction with a depletion 
region of depth x n and a neutral region which extends from x  = x n to x  =  x n +  L, 
where x  is zero at the metal interface and increases into the semiconductor. The 
hole current is:
J P = qvTPn (2.91)
where v t  is a transport velocity which equals the ratio of the diffusion constant and 
the diffusion length ( =  Dp/L p ). The diffusion constant was given previously by 
equation (2.24), while the diffusion length is the square root of the diffusion constant 
multiplied by the hole lifetime in the neutral region. Using this expression for the 
velocity and the expression:
V ~  Po = PnO exp (6) ~1exp (2-92)
for the hole concentration derived for a pn junction with respect to x , where the 0 
denotes the equilibrium value, the current:
qD ppo
J p ~  L, exp (6) -1for L < <  Lp (2.93)Jp  L /  J
is obtained. For the low injection regime the hole injection ratio is:
l n  =  h  „  i z  =  qn2i D P  /2>94x
jp  +  Jn  Jn N d L pA **T2 exp
where the electron current (Jn) is tha t due to thermionic emission.
It can be seen that the injection ratio increases with increasing barrier height 
( 4 > b )  due to the reduction in the electron current. A reduction in 7 n occurs with
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increasing donor density (corresponding to low resistivity) because this causes a fall 
in the hole current and with smaller values of n; (larger band gap). All particle 
detectors are made from high resistivity materials which will result in significant 
hole injection under forward bias. The reasonably high barrier heights in GaAs 
devices also contribute to a significant hole injection current.
At high bias, and thus high field in the neutral region, the drift component of 
the hole transport becomes significant. The high field limit of the injection ratio is 
proportional to the electron current and therefore j n cx J  as J  «  J n . The value of 
7 n saturates at very high fields when the electron and hole densities in the neutral 
region become approximately equal.
2 .6 .5  R ev erse  b ias ch a ra cter is tic s
Under reverse bias the current characteristics are defined by the reverse of the first 
three processes discussed for the forward bias regime. Thermionic-emission theory 
states that the reverse current should saturate with a value of J s given by equation 
(2.82), that is:
J 5 = J4**T2e x p ( ^ )  (2.95)
However there are several reasons why this does not occur in practice.
Field dependence o f the barrier height
It has been shown that the barrier height often depends upon the applied voltage 
which will cause the reverse current not to saturate. All mechanisms that affect the 
barrier height result in a lowering of the barrier with increasing electric field and 
therefore increasing applied reverse bias. An increase in current results.






Under reverse bias V  is replaced by — Vr tha t is A foi increases with Vr . For large 
values of reverse bias:
i
A fa  oc Vr* ( 2 .9 7 )
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A graph of In J  against Vr4 will give a straight line which intercepts the In J  axis at 
In Jo- This effect is rarely sufficient to explain the increase in current.
The presence of an interfacial layer will also cause a lowering of the barrier height. 
In reverse bias the reduction in barrier height is:
—  Q & m i i x  (2.98)
where a  is defined in equation (2.55) of section 2.5.3. Because of this reduction in 
the barrier the reverse current for a diode with a fairly thick interfacial layer may 
actually be greater than one with a very thin layer. The reason for this is th a t 
although the electrons must now tunnel through a thicker layer, which is still a very 
thin barrier, the reduction in the Schottky barrier over-compensates and allows a 
larger current to flow.
The presence of an interfacial layer is a common cause of ‘soft’ breakdown in the 
reverse current characteristics of a Schottky diode, especially if it has been made 
under poor vacuum or from a semiconductor with a contaminated surface.
T he effect o f tunnelling
The current due to tunnelling in a reverse bias junction may be observed at 
lower doping densities than generally required for the forward bias case as much 
larger reverse biases are applied. At moderately large reverse bias the potential 
barrier becomes thin and allows tunnelling of electrons from the metal into the 
semiconductor. Again either field or thermionic-field emission may take place. At 
a constant reverse bias, 3V for example, and temperature, the current will depart 
from pure thermionic emission with increasing doping density. For a silicon barrier 
departure occurs for N d  > 1 X  1017 cm-3 in reverse bias. At still higher doping 
concentrations field emission occurs. For silicon barriers room tem perature field 
emission occurs when N d  > 5 X  1018 cm-3 . The tunnelling current is also a common 
cause of ‘soft’ breakdown in such diodes.
Edge effects are also im portant with respect to tunnelling currents. At the edge of 
the metal contact the field lines have a very high concentration which implies a high 
field strength. This causes the barrier width to be reduced thus increasing tunnelling. 
The image force lowering of the Schottky barrier is also increased. Edge effects may
CHAPTER 2. SEMICONDUCTOR THEORY. 54
be reduced with careful fabrication techniques and with the addition of a guard 
ring around the diode the effect may be almost totally removed. The separation 
between the guard and the diode must be similar to or less than the thickness of the 
depletion region for this to be effective, and thus such a guard structure is limited 
to high resistivity materials which have a large depletion region. If edge effects are 
removed the breakdown is more likely to be that due to thermionic-field emission or 
impact ionisation, depending upon the doping density.
G eneration in the depletion  region
This effect is significant if the image force and the tunnelling currents are low (usually 
for low N d  and high barrier heights). Generation in the depletion region is the 
opposite process to the forward bias recombination of section 2.6.3. The current 
( J g) is:
qn;w ,___ N
(2-99)
where rT is the lifetime in the space charge region. Generation current is a function
of applied bias due to the bias dependence of the depletion width, tha t is:
Jg oc (VdO +  Vr )2 (2.100)
where V^ o is the diffusion potential for zero external bias.
Due to the temperature dependence of and r r , generation current has a 
temperature dependence of:
7 niJg oc —
T r r
oc V i h V N c N v  exp
E a  \  
kB T Joc r ' T ' e x p ( - ^ ^ )  ( 2 .1 0 1 )
where E a  is the activation energy for the electron density which is E g/ 2 for intrinsic 
material.
The effect is of greater significance for high </>& and low lifetime materials, such a 
GaAs. At low temperatures generation current is more pronounced due to its lower 
activation energy than that of thermionic-emission. This effect is a common cause 
of the lack of reverse current saturation seen in many GaAs Schottky diodes[2].
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2.7 The ohmic contact
An ohmic contact is defined as a metal-semiconductor contact which has a negligible 
contact resistance with respect to the bulk resistance of the semiconductor. The 
presence of the contact should not affect the device performance and should be able 
to provide the required current while the voltage drop across the junction is not 
significant relative to that across the active region of the device, the space charge 
region of a Schottky junction. The contact must also be non-injecting for minority 
carriers, that is to prohibit the passage of carriers so that the recombination current 
is negligible. The figure of merit for an ohmic contact is its specific contact resistance 
(Rc) which is defined as:
MfCCo ( 2 - l 0 2 )
for zero applied bias.
For semiconductors with low doping concentrations the current is dominated by 
thermionic emission, (of equation (2.82)). This implies tha t the specific contact 
resistance at V = 0 has the form:
R c = Z6 exp f (2.103) 
qA**T  F \ k B T J  y }
and therefore Rc depends upon the barrier height. The lower the barrier height
the lower the resistance. If the barrier height is given by equation (2.39) then an
ohmic contact will be formed, on n-type material, if a metal with a lower work
function than the semiconductor is used, as discussed in section 2.5.1. For most
semiconductors there are few metals with this quality. If the metal work function
is slightly larger than that of the semiconductor, however, then a rectifying contact
with a low barrier height will be formed which may serve as an ohmic contact for
most purposes.
If the semiconductor has a high doping concentration then the current is tha t of 
field emission due to tunnelling. Using equations (2.84) and (2.85) for the current 
gives a specific resistance at V =  0 of:
R c ~  exp ( ) =  exp 2y/esm* / _ j h _ \
h \ V N ^ J
(2.104)
Now the resistance decreases with increasing N d  and decreasing fo .  Ohmic contacts 
may therefore be realised by depositing the metal onto a thin layer of heavily doped
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material on top of the semiconductor. This causes field emission to dominate and 
thus produce a low specific resistance. For n-type materials an n+ layer is required 
which can be obtained either by diffusion or ion implantation into the semiconductor 
followed by the deposition of the metal or by metal deposition followed by heat 
treatm ent. The heat treatm ent of the deposited metal alloy causes a component 
of the alloy to dope the semiconductor. For GaAs germanium is used in the alloy 
to  form an n+ layer on n-type material. Chapter 3 describes the recipe used for 
Glasgow ohmic contacts.
2.8 Capacitance o f a reverse biased Schottky barrier
Section 2.5.2 showed tha t a Schottky barrier has a differential capacitance per unit 
area which is related to the semiconductor donor density (equation (2.48)) and the 
barrier height, through the diffusion potential (equation (2.52)).
The situation with no interfacial layer will be considered for an n-type semicon­
ductor under reverse bias V .  If the reverse bias is increased by a small increment 
A V  then the depletion region extends further into the bulk of the semiconductor 
by an amount A w .  The extension is caused by the recession of electrons into the
bulk leaving uncompensated donors, a fixed charge which results in the junction
having a capacitance. An equivalent circuit for the junction is therefore a capacitor 
in parallel with a resistor to represent the source of the reverse bias current.
For an ideal device the back contact is a good ohmic contact so tha t all the 
applied bias is dropped across the junction. The equivalent circuit for the device 
has a resistance to account for the bulk and ohmic contact resistances in series with 
the junction circuit. To make accurate barrier measurements the junction current 
or the series resistance must be low so tha t a negligible voltage is dropped across 
the bulk, tha t is so tha t the voltage across the junction equals the external bias.
Figure 2.12 shows a Schottky barrier under reverse bias. Listed below are the 
three sources of charge in the barrier:
• Qd - positive - due to  uncompensated donors.
• Qh - positive - due to extra holes in the valence band at the junction.
• Qm - negative - due to electrons on the metal surface.
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Figure 2.12: A Schottky barrier under reverse bias.
The extra holes in the valence band are present if the barrier is large. T hat is if 
the bands are bent to the extent that E p  — E y  < qVn +  3k B T .  This in known as 
the inversion region as the material becomes p-type. Increasing the reverse bias will 
cause this hole charge to decrease.
For an increasing reverse bias there are three sources of current in the junction. 
The displacement current due to the increasing electric field in the depletion region 
(J d = esd S /d t )  and a conduction current made up of two parts, tha t from the drift 
and diffusion of carriers injected over the barrier (J i)  and tha t due to the flow of 
carriers out of the space charge region as its width increases (J<i). Jd and J 2 give rise 
to the junction capacitance while Ji results in a parallel resistance tha t represents 
the reverse current.
For depths in the junction between the inversion layer (xi) and the edge of the 
depletion layer (X2) the free carrier density is negligible and thus the charge density 
is tha t due to the donors. For an increase in reverse bias the depletion region extends 
but no electrons or holes enter or leave the region x =  xi —> X2 due to the extension, 
so the current J 2 in this region must be zero. So the displacement current must 
equal the capacitance current, which may be expressed as:
d V
Jcap  = C - £  (2.105)
So for an external bias (V) consisting of an DC component Vq and an AC component
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Vt :
Jd =  Jcap -  =  c f  (2.106)
As the electric field is a function of the bias:
the capacitance is:
<“ »>
To find the capacitance the electric field inside the depletion region must be 
found. Gauss’s theorem applied over a closed surface which crosses the depletion 
region as two parallel planes situated between x \  and X2 and at £ > >  X2 , where 
there is no net charge, can be used to relate the change in electric field to the change 
in number of electrons at the edge of the depletion region due to a change in bias. 
As electron removal represents an increase in uncompensated donors then:
£SA £  = Q d  or (2.109)
so that:
The capacitance is therefore due only to the uncompensated donors.
If the positive charge at the metal-semiconductor interface is ignored, Xi =  0, 
and the electric field at the interface is that due to the uncompensated donors only, 
then from equation (2.43), Q d  equals:
Q d  = €s£max =  y/2qesND ( V d  ^ (2.111)
with the diffusion potential for a reverse bias V  equal to Vd — V^ o +  V .  From 
equation (2.110) the capacitance is therefore:
C = ( ^ R ) 2 ( Vd0 + V -  — )  (2.112)
From the expression for the depletion width (equation (2.50)) the capacitance is 
simply equal to es /w .  It is evident tha t a plot o i l / C 2 against V  will give a straight
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line with a slope of magnitude 2/(q€sN i)) .  From this the donor density can be found 
by measuring the capacitance of a metal-semiconductor junction.
If the effect of the holes at the metal surface can not be ignored (</>& > E g — 
Vn) then the maximum electric field at the interface is due to the holes and the 
uncompensated donors and graphing 1 / C 2 against V  no longer results in a straight 
line.
2.9 Extension to deep traps with reference to GaAs
An impurity present in a semiconductor may form either a shallow dopant, such 
as carbon in GaAs which can act as either a donor or an acceptor, be electrically 
inactive (for example boron), or give rise to a deep level. A deep level is one which 
is not readily ionised at room temperature and thus deep donors may contain an 
electron at room temperature and remain electrically neutral. Fermi-Dirac statistics 
still govern the fraction of ionised deep levels and therefore calculations of Fermi- 
level position may be performed, as discussed in section 2.2.2. The origin of the 
semi-insulating properties of GaAs will be explained with the use of these ideas in 
section 2.9.1.
As well as through the addition of impurities, deep levels may be created by 
lattice defects, an example of which is the EL2 level in GaAs. The exact origin of 
this defect has been the subject of extensive investigation over the last three decades 
since its existence was postulated in 1961 [25]. Originally it was supposed tha t the 
EL2 level was due to oxygen present at the growth stage of the GaAs material. 
Studies have shown that this is not the case, however, and today the generally 
accepted view is tha t the mid-gap level is an arsenic atom on a gallium site (an 
arsenic antisite defect) with the possibility of an associated mobile arsenic atom 
between the normal lattice sites (an arsenic interstitial atom). The presence of deep 
levels in GaAs depends upon the purity of the original growth elements (gallium 
and arsenic), the growth process which can introduce dopants from the apparatus 
itself, and the relative ratio of gallium to arsenic in the growth mixture, as well as 
the addition of any intended dopants such as indium or chromium.
The concentration of EL2 depends upon the conditions under which the material
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Figure 2.13: The concentration of EL2 as deduced from optical absorption measurement, 
versus the estimated arsenic atom fraction in an LEC melt[3].
was formed and some of the processes tha t the ingot undergoes after manufacture 
such as thermal annealing or an application of external stress. The EL2 concentra­
tion increases with increasing arsenic fraction in the starting melt. This is illustrated 
by Figure 2.13 which shows the dependence of the EL2 concentration on the arsenic 
atom fraction in a liquid encapsulated Czrochalski (LEC) melt (the most common 
method used to fabricate SI-U GaAs wafers). As an ingot is grown it has even been 
observed that the EL2 concentration falls along the ingot length from the seed end, a 
phenomenon explained by a reduction in the arsenic fraction in the melt. Therefore 
it is possible to regulate the concentration of the EL2 defect, which is the main deep 
defect in SI-U GaAs, via careful control of the ratio of gallium and arsenic atoms in 
the original melt.
2 .9 .1  C o m p e n sa tio n  in  se m i-in su la tin g  u n d o p ed  G aA s
The semi-insulating nature of the GaAs material is obtained through the over- 
compensation of the shallow dopants in the material with deep EL2 levels. The 
shallow dopants in LEC material are carbon, which acts as an acceptor, and silicon, 
which behaves as a donor. The EL2 level is a deep donor, and in fact has the property 
of being a double donor which means that it has three charge states; neutral when 
it is occupied by electrons, plus one, and plus two when it has donated both its 
electrons. These three charge states give rise to two electrical energy levels of the
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Table 2.1: Ionisation energies of various levels in GaAs.
EL2 centre, one almost at mid-gap (EL2A) and one, (EL2B), 0.15 eV lower than 
this. The energy of these levels and those of the shallow dopants are given in table 
2.1. Emission and capture rates of the EL2 defect under different conditions are 
discussed in section 2.9.3.
A high resistivity substrate is desirable for semiconductor detectors as discussed 
previously. Pure intrinsic GaAs will give a resistivity of 3.9 X  108 Ocm which can 
be calculated using equation (2.21) and the value of n; given in appendix A. Such a 
material can not be grown due to contamination from impurities and the presence 
of the EL2 level. Over-compensation by EL2 is the technique adopted to realise a 
very low free carrier concentration and thus very high values of resistivity, typically 
of order 108 Ocm and above.
Over-compensation results in such a low carrier concentration by transferring all 
the free carriers tha t are present from the net shallow acceptors, (carbon dopants are 
usually present in excess to silicon), to deep levels where the probability of therm al 
excitation is low. The carrier concentration and position of the Fermi-level can be 
calculated for SI-U GaAs from the application of charge conservation, which gives:
n  + N B a T = p  +  2N++2 + N + L2 + K  (2-113)
where the subscripts C a r  and S i  represent carbon and silicon respectively and the 
2 is present due to the 2+ charge on the associated EL2 charge state.
The values for the free carrier concentrations follow from equations (2.10) and 
(2.11), while the concentrations of the ionised carbon and silicon atoms follow from 
equations (2.14) and (2.15). For a Fermi-level far from either the conduction or 
valence band the concentration of ionised dopants will be that of the atoms, tha t is
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full ionisation of the shallow dopants can be assumed. The additional charge due 
to the EL2 level when the single and double donor states are taken into account
is quite complex and can be found in [26]. Simplification occurs due to the fact
From these equations the Fermi-level at a temperature of 300 K can be shown 
to equal 0.74 eV for typical dopant concentrations of N e l 2 = 1016 cm-3 , N ear  =
has thus been achieved and will be maintained as long as N s i  < N ear < N e l , 2 • This 
is achieved by adjusting the amount of EL2 formed in the material via the control 
of the arsenic fraction as described above.
2 .9 .2  T rap o c c u p a tio n
The occupancy of a trap  as determined by the relative position of the trap  energy 
level and Fermi level are explored here.
Consider an n-type semiconductor with a single deep level with energy E t . The 
trap  is a donor and therefore neutral if occupied by a trapped electron and positive 
if empty; EL2 is such a trap. The assumption will be made tha t the trap is empty 
if E t  is above the Fermi level, and full if below. W ith an external bias applied to 
the system the Fermi level in the semiconductor splits into two quasi-Fermi levels, 
one for electrons (£n) and one for holes (£p). It can be assumed tha t under forward 
bias both the quasi-Fermi levels are horizontal and given by:
th a t the Fermi level in SI-U GaAs is close to the mid gap which implies th a t the 
concentration of N p £ 2 1S small. The concentration of the single donor state is:
1
(2.114)
where E 2 is the transition energy from the N g L2 to  the N p L2 state.
2 x 1015 cm 3 and N s i  = 5 x 1014 cm 3 and the free electron concentration with this 
Fermi-level is between 106 and 107 cm-3 . The semi-insulating nature of the material
Cn =  E Sf
Cp =  E f (2.115)
where E p  and E™ are the Fermi-levels in the bulk of the semiconductor and the 
metal, respectively. For a reverse biased device the identities of equation (2.115) are
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approximately valid if the rising of the electron quasi-Fermi level at the barrier is 
ignored. The trap occupation is derived with Shockley-Reed-Hall statistics to give 
the probability of a trap being occupied by an electron (Fe) as:
Fe = --------- (T" nVth +  6p  (2.116)
v n n v th +  en +  avn v th +  ep
where en is the trap electron/hole emission probability. The other terms are defined 
in section 2.4. The emission probabilities are related to the capture cross-sections 
by:
(  E t -  E{
=  GXp ^  — —
€p =  G p V t h T i i e x p  ( 2 . 1 1 7 )
where E{ is the intrinsic Fermi level; these equations are similar to equation (2.123). 
It is convenient to introduce another energy level ( E \ )  given by:
E ' = E ‘ + W ] n & )  (2-118)
which has the property that if the trap energy is above this level then electron 
emission will dominate while if it is below hole emission is of greater significance. 
From the relative positions of the quasi-Fermi levels, E{ and E \  the six inequalities 
listed below follow.
E f E \  * en cp
E t  <  Cn * ^n'^'^th  ^
E f  4" Cn 2 E \  ► Gn TlVth ^  €p
E t  ^  Cp  ^ GpPVth, ^  Gp
E t  Cp 2 .E \  ► GppVth  Gn
Cn +  Cp >  -»■ v n n  >  ° p P  ( 2 . 1 1 9 )
It must be noted tha t, as the energies that define the emission rates and cross- 
sections appear in exponentials, a difference of more than 2k B T / q  in energy results 
in an order of magnitude difference in the two quantities. For example if E t = 
E i  +  2 k b T / q then ep is an order of magnitude less than en .






Figure 2.14: The band diagram of a Schottky junction under reverse bias with a deep 
trap where E t > E\.
Here we consider only the situation where E t > E i ,  as shown in figure 2.14 for 
a reverse bias V, thus en > ep throughout the depletion region.
At x = a, on the figure, the energy level E i  lies half way between ( n and ( p 
and for x > a the last inequality of (2.119) (<rnn  > crpp) applies. The capture of 
electrons by traps in this region is therefore more likely. At an x  deeper into the 
material (x = b), E \  is midway between E t  and £n and so for:
x > c
E t +  C n >  2 E i  ->  a n n v th > ep (2.120)
The expression of equation (2.116) for the probability of a trap being occupied by 
an electron has simplified to:
Fe = ° nnVth (2.121)
”t“ ^n
which is the form of a Fermi-Dirac distribution function with a Fermi level at the 
electron quasi-Fermi level. That is to say the trap  population is defined by the 
position of the electron quasi-Fermi level with respect to the level of the trap. When 
Et < ( n i which occurs for x  > c, all the traps are full and thus have no charge. 
For values of x  less than c the probability function falls to zero at x = b because 
E t + C n >  2-Ei is no longer true and therefore a nn v th < eP so:
x=0 ba c
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2 .9 .3  C ro ss-sec tio n s  and e m iss io n  ra te s
A deep defect is characterised by its emission and capture cross-sections. Due to the 
nature of the EL2 trap the electron thermal-emission rate and capture cross-section 
are most im portant. The emission rate (en) has a temperature dependence given 
by [6]:
en = T 2a n crna exp (2.123)
where E na (=  E (o +  Eb) is the activation energy, Eio is the extrapolation of the 
ionisation energy of the level to T  = 0 K and Eb is the activation energy of the 
electron capture cross-section (crn). The constant a na is the emission section of the 
trap  and depends upon the electron capture cross-section extrapolated to T  =  oo 
(^noo) and the rate of change of E{ with temperature. T  is the temperature and a n 
is a constant. Substituting the values given in table 2.2 gives a value of 0.045 s-1 
for the emission constant at 300 K.
The electron capture cross-section has a tem perature dependence given by[7]:
0-n  =  CTnoo exp +  ^ 0  (2.124)
for temperatures between 50 K and 273 K. The term <7no is only significant for 
temperatures below 100 K. The constants are again given in table 2.2 and result in 
a value of 4.7 x 10-16 cm2 for the capture cross-section at 300 K.
The hole capture cross-section of the EL2 trap  has been determined and equals 
2 x 10-18 cm2 near room temperature.
The energy of ionisation for the trap  E t  can be determined from the principle 
of detailed balance which states that in thermal equilibrium the carrier emission of 
a single state balances carrier capture. Given the emission rate and capture cross- 
section above and the fact the the free energy for ionisation is the difference between 
the thermal emission energy and the capture energy a value of E t  = 0.760=1=0.010 eV 
follows for the temperature range 300 K to 400 K.
The emission rate and capture cross-sections are also functions of electric field. 
The emission rate will increase with electric field strength according to the Poole- 
Frenkel effect[27]. This results from a lowering of a Coulomb potential barrier in a 
similar fashion to the image force lowering of the Schottky barrier (A <f>s), shown in





2.28 X 1020 cm-2s-1K~2 
1.5 ± 0 .5  x 10“ 13 cm2 




0.6 x 10-14 cm2 
0.066 eV 
5 x 10-19 cm2
Table 2.2: Constants needed to determined the electron emission rate and capture cross- 
section for the EL2 level. The data is from [6] and [7].
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(a) Poole-Frenkel. (b) Schottky.
Figure 2.15: The Poole-Frenkel effect compared with the image-force lowering in a
Schottky barrier.
figure 2.15. The image-force lowering in the Schottky barrier is due to the interaction 
of the electron and a mobile positive image charge, while for the Poole-Frenkel effect 
the positive charge is fixed and as a result the lowering for the trap (A 4>p f ) is twice 
as great. For an electric field E:
A * s  = ( £ - ) *  (2.125)
where es is the high-frequency dielectric constant.














Figure 2.16: Experimental data from capture cross-section measurements of EL2 in (1) 
a strong electric field E  > 104 Vcm-1 and (2) in zero electric field. The key is: crp - hole 
cross-section; an - electron cross-section[4].
The current increases are of the form[27]:
Poole-Frenkel J PF = q » n £  exp ( -  qi* PF ~ )
V t k b T  J
Schottky J s  =  A * T e x p f _ ^ s  ~ (2.126)
V k b T  J
where thermionic emissions has been assumed. The value of r  lies between 1 and 
2 depending upon the position of the Fermi level, /i is the electron mobility and n  
is the electron density. This effect only occurs for very high fields and it has been 
shown that for GaAs the electron emission rate does not increase for fields below 
1 X 105 V cm "1 [28].
The capture cross-section for both carriers has been observed to  increase with 
field. The electron and hole capture cross-sections for high and low field as a 
function of temperature are shown in figure 2.16. The hole capture cross-section 
for temperatures of order 300 K shows an increase of over 5 orders of magnitude 
while the electron cross-section increases to a value a few times that of the holes.
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The changes in capture cross-sections and emission rates have been shown to 
have dramatic effects on the field distribution of a reverse biased junction. The field 
for a reverse biased gold-doped silicon junction has been measured to be flat 
in the depletion region[29], implying zero net space charge. The high field region, 
which remained at a constant value of 2.9 X  104 Vcm-1 , was shown to increase in 
length with a linear dependence on bias. This effect was explained by considering 
the relative emission and capture rates of the deep gold acceptor under low and high 
field conditions. The concentration of ionised gold atoms is:
N au-  =  (2 .127)
' ep
where -V^total is the total concentration of gold acceptors, and en and ep are the 
emission rates for electrons and holes respectively. The total charge in the space 
charge region is:
p  =  q (N +  + N Au- )
=  «N°{'-NNDt?l%)) ( 2 ' 1 2 8 )
where N p  is the net shallow donor density. To obtain zero charge density, and thus 
a flat field distribution, the condition
^Autotal = x +  fn (2.129)
N d  ep
follows from equation 2.128. The number of gold atoms greatly exceeds the net 
shallow donor density and therefore the fraction ^  must become large. As the field
is increased, by applying a greater external bias, the ratio of emission rates does
increase and the condition is met.
If the double donor nature of EL2 is ignored, then the concentration of ionised 
EL2 in GaAs is simply the concentration of EL2 levels tha t are not occupied by an 
electron. Therefore from equation 2.121:
N EL2+ -  ^rEL2total(1 -  Fe) 
^£L2total
1 +  H£n.
en
(2.130)
where cn is the electron capture coefficient of the level (=  <JnVth) and N EL2total 
total concentration of EL2 defects. Therefore the ratio of the capture and emission
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Applied Bias (V)
o  5 0 V
•  1 0 0 V  
O  2 0 0 V  
■  3 0 0 V  
A 4 0 0 V  
A  5 0 0 V  
0  6 0 0 V
*  7 0 0 V
Distance from p+ contact (pm)
Figure 2.17: The measured electric field distribution inside the bulk of a SI-U GaAs diode 
for various values of reverse bias. The key is shown on the figure[5].
rates are of importance. The capture cross-section has been shown to increase with 
field and the current is also expected to increase and thus the carrier concentration 
will increase. For fields up to 1 x 105 Vcm-1 the emission rate will remain constant 
and thus the ratio will increase with electric field. This will result in a fall in 
EL2+ concentration in the space charge region with increasing fields. At a critical 
field strength the net charge in this region will be zero, similar to what occurred in 
the n + — v  gold-doped silicon junction. A constant field distribution, similar to tha t 
found in the gold doped silicon diode, may therefore occur. The magnitude will be 
dependent upon the field-dependent increase in the electron capture coefficient.
The electric field in an SI-U GaAs diode has been measured with a contact probe 
technique at UMIST[5] the results of which are shown in figure 2.17. The results 
revealed a field profile, at a bias in excess of 50 V on a 500 /im thick device, with 
a constant magnitude over a region of the bulk extending from the reverse biased 
contact, in agreement with the discussion above. The magnitude of the electric field 
was 1 — 1.8 X  104 Vcm-1 over the applied bias range. At high bias the electric field 
distribution therefore divides the device into two regions; the high, constant field 
region and the low field region extending from the edge of high field region to the 
back contact of the diode.
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2 .9 .4  C a p a c ita n ce  m ea su rem en ts  in  th e  p resen ce  o f  d eep  tra p s
Following the discussion in section 2.8 of the capacitance of a Schottky barrier with 
shallow traps, this section considers the details for a device with deep traps.
The difference between the capacitance of a barrier with and without deep traps 
arises due to the fact tha t the occupation of the deep level changes as the bands are 
bent, and therefore the charge state is altered. This results in a change in the charge 
of the depletion region and thus the C-V characteristics are different. Therefore the 
C-V characteristics can be explained with reference to section 2.9.2
For E t > E i  the trap  time constant is:
t, = — —i  (2.131)
en + VnVthn
As only the traps close to the quasi-Fermi level will change charge state under the 
application of a small voltage change, only these are of importance. For such traps 
the emission and capture rates are approximately equal and therefore:
n  =  - Y  (2.132)zen
The effect tha t the traps have on the capacitance will depend upon the relative 
values of the trap  time constant, the frequency of the small A.C signal used to
determined the capacitance (u;s) and the rate of change of the applied reverse bias
(u>b). Three situations arise:
1. r f 1 >  cos >  LOb
2 . U>s >  T f 1 >  LOb
3. los > LJb > r f 1
Only the first case will be examined further.
Tt_1 >  u>s >  u>b
Here the traps can follow the test signal and be filled before the small A.C signal 
goes through a quarter cycle. The energy bands and the charge density for such a 
situation are shown in figure 2.18 for an n-type semiconductor with donor traps.
As the traps are donors, those beyond x  — y  are occupied and therefore neutral 
while those in the region from the metal to x  = y are empty and positively charged.
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Figure 2.18: The energy bands and charge density for a reverse biased Schottky junction 
with a deep trap.
The shallow donors are uncompensated in the depletion region of width w. In the 
region up to x  = y  the total charge in the space charge region is N p  + Nt  due to 
the extra contribution from the traps. Beyond this, up to the edge of the depletion 
region the charge is due to the shallow donors and equals N jj , as before.
An increase in the reverse bias by A V  causes the depletion region to increase by 
A w  and the charged trap region to increase by A y ,  shown in the figure. The extra 
charge contributions from the the donors (A Q d ) and the traps (A Q t) are simply:
A Q d  =  q N o A w  
A  Q t = q N tA y (2.133)
The value of the field in the space charge region changes due to the increase 
in fixed charge in a similar fashion to that discussed in section 2.8. Referring to
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Gauss’s theorem the electric field increases by:
A E  = ^ ( N p A w  +  N t A y ) for 0 < £ < y
A E  = - ^ ( N p A w )  for y < x < w  (2.134)
The corresponding increase in potential across the depletion region is:
A V  =  — ( N p w A w  +  N ty A y )  (2.135)
Resulting in a capacitance of:
c = d £ =  e, ( N DA w  +  N t A y )
d V  N d w A w  +  N t y A y
In deriving this capacitance both the donor and trap densities were presumed to 
be uniform. If this is not true then the expression for the capacitance is still valid 
but with N p  and N* replaced by N£>(w) and N*(y) respectively.
The difference in x and y can be expressed in terms of the trap density and the 
energy levels by replacing x  by y in equation (2.45) of the depletion approximation 
(see section 2.5.2) and by noting that this region was so defined that the change in 
the energy bands equals ( n - E t which is ( E p  — E t )bulk• Therefore:
w - y * -{Ep -  E t )buik
2
= A (2.137)
. q N D
where A is a constant. As w — y is a constant it implies that A w  = A y  and thus:
C  =  €6 N d + ^  (2.138)
N p w  +  N ty
From equation (2.135) with A y  = A w  the expression for 1 /C 2 can now be found:
d l / C 2 2
d V  esq{N D +  N t) 
where N t  is the density at x = y  and not at the edge of the depletion region.
(2.139)
C hapter 3
D etector Fabrication and 
Characterisation
3.1 GaAs detector fabrication
The work reported in this thesis includes work performed with GaAs devices 
fabricated at Glasgow University’s III-V semiconductor laboratory in the Electrical 
Engineering Department. The process stages involved in the fabrication of these 
devices are described below.
3 .1 .1  M a ter ia l and co n ta ct ch o ice
To fabricate a GaAs detector two choices have to be made, namely the substrate 
material and the contacts used.
The GaAs used almost universally was semi-insulating undoped (SI-U) Liquid 
Encapsulated Czochralski (LEC) industrial substrate material, available from var­
ious manufacturers world-wide. Semi-insulating indium doped (SI-In doped) LEC 
GaAs material has been tested in Glasgow and LEC material with a low carbon 
concentration [30] has also been tested by other groups to investigate its radiation 
hardness properties.
Other types of substrate are also available. Chromium and iron in-diffused 
material, supplied by SITP, Tomsk [22] has been tested at Glasgow (results of which 
are, however, not included in this thesis) and in Russia as an alternative to LEC
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material with improved radiation hardness properties.
Detectors fabricated with material grown by the Horizontal Bridgman technique 
[31] have been tested by other groups and have given generally poorer results in 
comparison with the LEC material [32].
Liquid Phase Epitaxial (LPE) and Vapour Phase Epitaxial (VPE) materials, 
which are also available, are more expensive options. Epitaxial materials, grown 
on an LEC substrate, can approach a thickness of 200 f im  for some techniques. 
Low dopant concentrations (?sl013cm-3 ) are possible, with little trapping present, 
enabling good detectors to be fabricated. The price of this material has however 
prevented it from being considered for the ATLAS experiment. Low pressure VPE 
material[33], which is less expensive than conventional VPE material, has been 
investigated at Glasgow University for X-ray imaging[34] and radiation hardness 
(section 5.7.2). Detectors were fabricated from this material by the same processes 
used for the LEC material.
The detector may be fabricated either with a p-i-n structure [21] by doping the 
substrate material, or with a p-7r-^-n junction created by in-diffusion of chromium 
or iron to produce a dopant concentration gradient [22], or with a Schottky and an 
ohmic contact realized by metal deposition. The latter option is preferred due to its 
simplicity in processing and as no advantages have been demonstrated by the p-i-n 
structures over the Schottky detectors. While p-Tr-p-n structures have shown better 
radiation hardness than the conventional detectors they still remain to be proved 
completely satisfactory.
Detectors fabricated commercially by Alenia SpA, Rome with SI-U LEC sub­
strates have also been tested.
3 .1 .2  In itia l w afer tr e a tm e n t
Most of the detectors described were fabricated at Glasgow University using SI-U 
LEC substrates supplied by MCP[35]. The substrates arrived as 2 inch diameter, 
500/xm thick wafers. The first processing stage was to thin (lap) and polish the wafer 
to the desired thickness. Detectors were usually processed with the 200/mi thickness 
chosen by ATLAS for the GaAs forward wheels (see section 1.3.3), however detectors 
of various thicknesses were also used to investigate material properties.
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A Logitech PM4 lapping and polishing machine was used to lap and polish 
the wafers. The wafer was wax bonded to a glass substrate which was attached 
by vacuum to the PP6 Polishing jig of the PM4 machine and polished with an RO 
(reverse osmosis) water, ammonia and hydrogen peroxide mixture with a pH fixed at 
7.9. This process reduced the thickness of the wafer by between 20 /zm and 30 /zm 
or until all surface defects were removed. The wafer was removed from the glass 
substrate, de-waxed, turned over and re-wax bonded to expose the unpolished side. 
A suspension of 3 /zm alumina particles in RO water was used to lap the wafer to 
within 30 /zm of the desired final thickness. Chemical polishing, as described above, 
removed the final 30 /zm. Finally the wafer was de-waxed and cleaned with Opticlear, 
acetone, methanol, and RO water in that order and dried under compressed nitrogen. 
Fabrication of the desired contacts on the substrate followed.
3 .1 .3  C o n ta ct fa b rica tion
The process of contact fabrication is outlined in figure 3.1. The first stage of the 
process was the mask design which defines the position of the structures tha t were 
fabricated, for example the metal contacts. The design was made using the PC 
based design software Wavemaker. The patterned side for pixel and strip detectors 
was usually the Schottky side which implies that the collection of holes dominated 
the signal from these devices (see section 6.3). The detectors had a passivation 
encapsulation which protected the device from scratches. To allow connectivity of 
the device to external electronics, holes were required in the passivation; these were 
defined by a separate mask. The device designs ranged in complexity from a simple 
circular pad detector, described in section 3.1.4, to an AC coupled strip detector 
with air bridges and a punch-through DC path to ground (see section 6.2).
The masks once designed were transferred to an electron beam writer which 
wrote a set of chromium master masks. From the masters negative ferric copies, to 
be used in the device fabrication, were made by photo-lithography techniques.
Photo-lithography
Photo-lithography was used to realise the mask design on the wafer.
S1400 resist liquid was applied to the surface of the wafer which was spun at







Mask Production Wafer Preparation
Figure 3.1: The fabrication process.
4000 r.p.m. for 60 s to spread the resist uniformly over the surface of the wafer. To 
harden the resist it was baked for 30 minutes at 90°C. Improved edge quality can be 
obtained at the lift-off stage if the wafer is soaked in chlorobenzene for about 10 s to 
harden further the surface of the resist. This process was only necessary in devices 
that had very fine structure definitions such as strip detectors. The resist-covered 
wafer was placed in close contact with the Schottky metallisation mask using an 
infra-red mask aligner. Ultra-violet light illuminated the wafer through the mask, 
destroying the bonds of the resist in the areas that were not masked out. The 
exposed resist was removed by placing the wafer for 75 s in a solvent (Microposit
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Bare wafer







Figu re  3.2: Photo-lithography, metal evaporation and lift-off.
1400-31 developer) th a t  preferentially dissolved the weakened resist, then washed 
with RO w ater and dried with compressed nitrogen. On the wafer the resist formed 
a  negative of the desired m etallisation pa t te rn ,  as shown in figure 3.2.
Figure 3.1 shows th a t  m etal deposition is the  next s tage of the process, however 
the alignment of the rear contacts  will first be explained. Once the front contac ts  
had been processed to completion rear contacts  had to  be fabricated. In a few 
cases this contact was a uniform ohmic contact th a t  covered the  entire wafer, bu t  
more frequently the contact had a  defined p a t te rn  and had to  be aligned to  the  
front contact with a precision b e t te r  than  5/rni required by the fine detail of the  
p a t te rns .  This was possible because GaAs is optically t ran sp a ren t  to  infra-red light. 
T he wafer was placed in the mask aligner, as before, with the  rear covered with 
resist and in contact with the appropria te  mask. Infra-red light il lum inated the  
wafer from behind and passed th rough  the wafer but was absorbed by the  m etal  
contacts. All the masks had alignment marks, thus, front metallized m arks could
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be aligned to those on the mask for the rear contact. Ultra-violet illumination and 
resist development followed as before.
M etal evaporation
Before metal deposition the wafer was de-oxidised for 60 s in a 1 to 4 solution of 
hydrochloric acid and RO water which removed any natural oxide that had grown 
on the surface of the wafer since the polishing stage.
Deposition of the metal contact was performed with a Plassys Evaporator (model 
MB430). The sample was placed into an air lock, which was evacuated to a pressure 
of 10-6 bar, and then transferred under vacuum to the main chamber. The sample 
was cleaned further with an RF plasma cleaning cycle to ensure removal of all 
contaminants. Both the Schottky and the ohmic contacts were made of multiple 
metal layers, which are discussed below. The desired metal was evaporated onto the 
wafer in the Plassys by focusing an electron beam onto a crucible of the metal in 
the chamber. The metal was accelerated towards the sample and deposited.
At Glasgow the metal layers used for the contacts are 33 nm titanium, 30 nm 
palladium, 150 nm gold for the Schottky contact and for the ohmic contact 40 nm 
palladium and 100 nm germanium [36]. Gold diffuses very rapidly into GaAs and 
the palladium layer prevents this so that a rectifying junction is formed. Titanium 
is used to improve the metal adhesion to the GaAs. Annealing of the second multi­
metal layer, during the passivation stage described below, forms the ohmic contact. 
The palladium transforms into a palladium-germanium compound and the excess 
germanium diffuses through this into the GaAs, resulting in a smooth contact which 
has uniform diffusion into the GaAs. The ohmic behaviour is obtained because 
germanium is a group IV element and acts as a donor in GaAs by occupation of 
gallium antisites. Diffused germanium thus forms a highly doped n-region which 
leads to the desired non-rectifying nature.
Once the metal contact had been deposited the wafer was removed from the 
evaporator and placed in a bath of acetone. The acetone dissolved the photo-resist 
which was under some of the deposited metal, a process know as lift-off, to leave 
only the desired metallized regions, shown in figure 3.2. Warming of the acetone 
in a water bath or ultra-sonic agitation can be employed to ensure the removal of
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all the photo-resist. Before withdrawing the sample from the acetone bath it was 
checked optically to ensure that the lift-off was complete. Care was taken to make 
sure tha t no metal particles redeposited themselves onto the surface by washing the 
wafer as it was taken out of the acetone bath with fresh acetone, isopropanol and 
then RO water. The sample was dried with compressed nitrogen.
Passivation  and etch
The next stage of processing was the passivation of the front side. For most detector 
designs this represents the last stage of processing for this side. In the fabrication of 
AC coupled strip detectors the passivation layer is the dielectric of the decoupling 
capacitance for the strips and several more steps are required after this stage.
Silicon nitride passivation of typically between 200 nm and 400 nm was deposited 
on the wafer by heating the sample to approximately 300°C for one minute per 12 nm 
of passivation in an atmosphere of the nitride at high pressure.
To realise holes in the passivation, photo-lithography was used with an appro­
priate mask that defined the position of the required aperture. The photo-resist 
was developed as before, and the unprotected passivation was removed with a C2 F 6 
plasma etch at a rate of 50 nm per minute.
Further metallisation of the front side could then be performed and the rear side 
of the wafer processed in a similar fashion.
3 .1 .4  D e v ic e s
The main types of device that were fabricated were simple pad detectors, which 
were used to investigate material properties, strip detectors and pixel detectors. 
This section will explain the geometry of the simple pad detector while microstrip 
detectors are discussed in chapter 6.
The front contact of the simple pad detector is a circular Schottky contact, 2 mm 
or 3 mm in diameter, surrounded by a 200 /xm or 500 gm wide Schottky guard ring, 
separated from the pad by 10 (in1. Edge effects were discussed in section 2.6.5 as a 
source of increased current and therefore the guard ring was introduced to remove 
this effect. The ohmic contact is aligned with and is geometrically identical to the 
Schottky contact. As the ohmic contact was usually held at ground potential, both
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F igu re  3.3: The cross-section of a simple pad GaAs detector.
the  pad and guard  ring were often shorted together. Figure 3.3 shows a cross-section 
of a simple pad detector.
3.2 C haracterisation  m eth od s
T he electrical and charge collection characteristics of a diode are fundam ental  in 
ob tain ing  an understanding of th a t  given diode. T he experim ental procedures 
needed for the characterisations are described below.
3.2.1 Current-voltage characteristics
T he dependence of the current th rough  the diode on applied bias was investigated 
with the use of a Keithley-237 source m easurem ent unit.  A LabView[37] program  
was w ritten  to  control the Keithley and enable the results to be o u tp u t  to  a spread 
sheet. T he diode under test was placed in a metal box for electrical screening and  to 
keep it dark , due to the light sensitivity of the current. As the curren t characteristics 
are also tem p era tu re  dependent the diode was placed in an environm ental cham ber 
which allowed the tem pera tu re  to be controlled to  within an accuracy of 0.2°C 
between -40°C and 160°C. T he  current of interest was th a t  which flowed th rough  the 
device and thus surface currents had to  be reduced. For m easurem ents  on the  circular 
pad detectors  this was achieved by the use of the guard  ring arrangem en t described 
above. During the m easurem ent the guard  ring was held a t the sam e poten tia l  as its 
pad, via the Keithley guard , which resulted in the surface current being collected by
200urrH
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Figure 3.4: Apparatus for current voltage measurements.
the guard ring and not the pad. The circuit for such a measurement is shown in figure 
3.4. Measurements were made with both forward and reverse bias, with respect to 
the front Schottky contact. All measurements were made from zero initial bias. A 
voltage step was applied and the current was measured after a given time interval 
which was necessary to allow the diode to reach equilibrium. In GaAs diodes time 
constants of order 1 s were measured at low bias and thus a minimum delay of 10 s 
was imposed. The voltage step between zero and the final bias could be either linear 
or logarithmic. A ‘compliance’ was set that defined a maximum current through the 
device, to avoid damage to the diode or the measurement equipment.
The current characteristics of strip detectors were also measured and the results 
are reported in chapter 6.
3 .2 .2  C a p a c ita n ce  m ea su rem en ts
In chapter 2 the existence of space charge and its implications for a detector’s 
capacitance were discussed. Here the experimental details of how the capacitance 
was measured are outlined.
The capacitance measurements used a Hewlett Packard 4274A multi-frequency 
LCR meter and a Keithley-237 bias supply. Both instruments were controlled by a 
LabView program.
The detector under measurement was housed in a metal, light-tight box with 
tem perature control as in the current-voltage measurement. The pad and guard on 
the Schottky side of the detector were connected to the high outputs (Hp o t  and 
H c u r )  o f  the LCR meter while the ohmic pad and guard were shorted together and 
connected to the m eter’s low outputs { L p o r  and Lc u r ) '  DC bias was supplied from
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the Keithley-237 via the high output of the LCR instrument, to deplete the detector. 
A milli-volt A.C signal from the LCR machine was used to determine the reactance 
of the device and hence the capacitance. It is assumed that the capacitance is the 
only element in the circuit so that when a small signal bias is applied the current 
th a t flows is phase shifted by 90°. It is this current that is measured by the LCR 
machine. The current and applied voltage are related by:
/  =  \  =  i “ v c  (3 .i)
where Z  is the capacitor impedance and V  is the small A.C signal of angular 
frequency u .  Therefore from the current measurement the capacitance is determined. 
Capacitance measurements were performed at 11 A.C. signal frequencies ranging 
from 100Hz to 100kHz at zero bias. A bias step was applied to the device and, after 
a time delay of 10 s to allow equilibrium to be re-established, the capacitances were 
measured again. This procedure was repeated until the maximum desired bias was 
reached.
Measurements of capacitance characteristics of strip detectors were also per­
formed. These are reported in chapter 6.
3 .2 .3  A lp h a  p a r tic le  te s ts
The alpha source test allows the electron and hole charge collection of the detectors 
to be investigated individually.
The detector was reverse biased by the application of a negative bias to the front 
contact via an EG&G Ortec (type 142) charge pre-amplifier. The back contact was 
held at either ground or a positive potential to increase the total bias applied to the 
detector. For electrical screening the detector was placed inside a metal box which 
had only two small holes in it, one above the front and one below the back contact. 
An Americium-241 source placed, in turn, above each hole irradiated either the front 
or back side of the detector with 5.45 MeV alpha particles, as shown in figure 3.5.
Due to the limited range of alpha particles in air the apparatus was placed inside 
an evacuated metal container at a pressure between 20 and 30 mbar. The signal 
was read out using the Ortec pre-amplifier connected to a post amplifier with a 
500 ns shaping time, and processed by a PC-based multichannel analyser to obtain




Figure 3.5: Alpha measurement apparatus.
a pulse height spectrum. Alpha particles in GaAs deposit energy according to the 
Bragg ionisation curve [38] which results in most of the alpha particle energy being 
deposited at a depth of 20 f im  in the detector. Ramo’s theorem[39] states th a t the 
signal collected is due to the motion of the charge carriers, therefore the charge 
carrier that travelled only 20 ^m will produce a small signal with respect to the 
carrier that travelled (almost) the total thickness of the detector, assuming tha t all 
the detectors were significantly thicker than 40 fim, which they were. The signal 
from either electrons or holes could be observed depending upon the side from which 
the alphas were incident.
As the energy to create an electron-hole pair in GaAs is 4.2 eV, for the 5.45 MeV 
alpha source used a charge of 0.21 pC (equivalent to 1.3 X106 electrons) was deposited 
in the detector. From this value and the peak positions in the spectra the charge 
collected for electrons and holes was found for many GaAs detectors. A charge 
collection efficiency, (cce), was defined as the amount of charge collected divided by 
the amount deposited.
The system was calibrated with the use of a voltage pulse applied to a 1.8 pF 
capacitor at the front of the pre-amplifier. This calibration was verified with the use 
of an alpha signal from a 100% efficient, over-depleted silicon detector which gave a 
1.5 X  106 electron signal.
The GaAs material used in the fabrication of the detectors contained both 
electron and hole traps. The charge carriers will therefore not be able to cross the 
total thickness of the detector without being trapped, leading to the carriers having a 
mean free absorption length less than the physical thickness of the detector. Ramo’s 
theorem states that the charge collected, Qco/, on the electrodes of a detector by the
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motion of a charge carrier is given by
Qcol = (3-2)
where A is the mean free absorption distance travelled by the carrier and W  is the 
separation of the detector electrodes. As the carriers are trapped the reduction in
the number of free carriers with distance of detector traversed (a;) may be assumed
to decrease according to the exponential relationship:
n x = n0exp[—^ -] (3.3)
where no is the original number of carriers produced.
The charge collection efficiency, is therefore
A , r ,
cce = w ^ 1 - e x p [ ~ y ] )  (3-4)
To take into account the signal from both carriers, equation (3.4) must be extended 
to:
= £  (l -  e x p [ - M ] )  + ^  (l -  “ P h f  ]) O-S)
where xq is the position at which the carriers were created (20 //m for 5.45 MeV 
alpha particles in GaAs). The charge collection efficiency given in equation (3.5) 
is for front illumination, that is an electron signal, where Ae and A^  are the mean 
free absorption lengths for electrons and holes, respectively. Mean free absorption 
lengths for both carriers may therefore be obtained from the alpha data.
3 .2 .4  C harge c o lle c tio n  from  m in im u m  io n is in g  p a r tic le s
Measurements were made with minimum ionising particles (mips) which allow the 
charge collection of both carriers across the entire bulk of the detector to be
investigated, using a strontium-90 source which emits beta particles with an end
point energy of 2.283MeV.
The GaAs detector under test was placed in front of the beta source, while 
several layers of aluminium foil and a silicon detector were positioned behind the 
GaAs detector as shown in figure 3.6. The aluminium foil stopped the low energy 
beta particles, produced by the source, from reaching the silicon detector. The
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Figure 3.6: The apparatus used to obtain beta spectra.
signal from the beta particle in the silicon detector triggered a NIM module to 
create a 1 (is pulse that was used as a gate for an ADC. The signal from the GaAs 
detector that occurred in coincidence with the silicon trigger was sent to the ADC 
and recorded. The detectors and 90Sr source were placed inside a metal box for 
electrical shielding and in an environmental chamber for tem perature control as 
described previously. When an electron passes through a material it loses energy. 
The energy loss per unit length of material traversed is described by the Bethe- 
Bloch formula[38]. Electrons with an energy above a few MeV are relativistic and 
are said to be minimum ionising particles (mip). A mip deposits a given amount 
of energy for a given substance per unit length traversed. The energy deposited for 
lower energy electrons, however, is a function of energy and is large for electrons 
with a momentum below 1 MeV/c. Rejection of low energy electrons from creating 
a gate for the ADC was thus necessary to ensure that the electrons that traversed 
the GaAs detector were sufficiently high in energy to be regarded as mips. For GaAs
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a mip deposits 56 keV/100/mi, resulting in the creation of 13300 electron-hole pairs 
per 100 f im  traversed.
The read-out system was calibrated with the use of a voltage pulse onto a known 
capacitor to give an injected charge into the pre-amplifier. This calibration was 
checked with the use of an X-ray source and a silicon detector with a 100% charge 
collection efficiency.
The actual charge collected from a GaAs detector was measured and the charge 
collection efficiency for a mip calculated (ccemip). The signal is due to both electrons 
and holes as the charge is deposited across the entire thickness of the detector. 
Integration of equation (3.5) with respect to x , where x  varies from zero to W ,  
gives:
collection efficiency.
3 .2 .5  P u lse r  n o ise  m ea su rem en ts
The read-out apparatus described above was also used to determine the noise of the 
detector.
A pulse generator was used to supply both a voltage pulse to the back of a 
GaAs detector under test and the trigger for the gate of the ADC. The detector was 
biased via the Ortec pre-amp and read out as before. The detector was electrically 
shielded and tem perature controlled as above. The spectrum obtained was Gaussian 
in shape with a mean pulse height related to the size of the voltage pulse applied to 
the detector and a FWHM determined by the noise of the detector and electronics 
(<7ioi(y )) . A Gaussian function (f ( x )) is described by:
1
CC6mlp — A2 /  W  \  A? /  W  \(Ae +  A0 —# ( l  —exp[— —exp[—- ] )  (3.6)
for the charge collection efficiency of mips. Electron and hole mean free absorption 
lengths found from the alpha data can thus be used to predict the mip charge
(3.7)
where fi is the average value of the variable x  and the variance is a 2. The full width 
at half maximum (FWHM) of the function is:
F W H M  = \/2  In 2cr = 1.18<j (3.8)
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W ith zero bias applied the noise was that due to the electronics and the detector 
capacitance (cr0). The current dependent noise of the detector at a given bias is 
therefore given by:
<?idet(V) = v tot ( V )  -  (T0 (3.9)
if <7o is assumed constant with bias. This value will change due to the reduction in 
the capacitance of the diode as the device is depleted, however for the diodes tested 
the capacitance noise contribution to the over all noise is small and can be neglected.
Spectral noise measurements were also performed on two detectors prior to 
irradiation with the method and results reported in section 4.2.
C hapter 4
Characteristics o f GaAs 
D etectors
To obtain the best detector performance the signal-to-noise ratio of the detector 
must be maximised and thus a high charge collection and low reverse current are 
required. Therefore both the electrical and charge collection characteristics of the 
simple pad diodes were investigated. The results for unirradiated GaAs detectors 
are contained within this chapter.
4.1 Electrical characteristics
The electrical characteristics of the LEC SI-U diodes were investigated under both 
forward and reverse bias. Current measurements revealed two distinct sections in 
the reverse characteristic, shown in figure 4.1. The low voltage characteristic was 
that of a Schottky barrier which demonstrated non-ideal behaviour at a few tenths 
of a volt. The second part of the characteristic was a plateau in the reverse current 
for a reverse bias above a few tens of volts. The two regions, termed the low and 
high voltage characteristics, respectively, will be discussed separately.
4 .1 .1  Low  v o lta g e  c h a ra c te r is t ic s
A simple pad diode with a guard ring was characterised using standard Schottky 
theory, however due to the nature of the material some careful considerations were 
necessary.
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Figure 4.1: The current characteristics of an SI-U GaAs diode with a guard ring measured 
at 20°C. The key is: solid line - reverse bias; dashed line - forward bias.
A correction had to be made to the data due to the experimental apparatus 
used. The measurements were made as described in section 3.2.1 with a Keithley- 
237. For very low applied voltage the magnitude of the reverse current should equal 
the forward current, but as the above figure illustrates, this was not the case. A 
measured IV characteristic of a 10 Mfi resistor showed tha t the actual bias applied 
was offset from that shown on the Keithley by an amount dependent upon the sign 
of the bias. The resistor IV implied that to obtain the actual bias applied it was 
necessary to add 2.4 X 10-4 V to the forward and 8 X 10~5 V to the reverse bias 
value shown on the Keithley. At low bias the current expression of equation (2.71) 
for a diode simplifies to:
J ± = J ° W  (4A)
where ±  is positive for forward and negative for reverse bias. The current charac­
teristics are therefore a straight line. Measurements were made over a wide range of 
temperature, for the analysis explained below, and, at each tem perature, a separate 
fit was performed to the forward and reverse IV curves between 0.0001 V and 
0.002 V from which the voltage offsets were calculated. The offset voltages showed 
no temperature dependence and equalled 2.4 ± 4 .0  X 10-4 V and 8.0 ± 2.0 X 10~5 V 
for forward and reverse bias respectively.
Due to the high resistivity of the bulk material the equivalent circuit of the
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diode is the junction resistance in series with the bulk resistance (Rbuik)• The 
diode current ( /)  will pass through both resistors and thus, for an applied bias V, 
only V  — IRbuik  will be dropped across the junction. The voltage dropped across 
the bulk material therefore must be accounted for when fitting theoretical current 
characteristics to the data.
From the linear low voltage curves the effective resistance (R ef f ) of the junction 
and bulk in series was found with Ohm’s law. To determine the contribution of R $ 
and Rbulk to the effective resistance the diode was assumed to obey the ideal diode 
equation up to a bias of k g T /2 . The data points, corrected for the measured offset 
bias, were fitted with the equation:
t  n / i \  r f V - I R b u l k \
J = P{1) 6XP { P (2) J -  1 (4.2)
where P (  1) and P (2) are free parameters. The value of Rbulk was altered until the 
fitted curve and the ideal Schottky theory differed by less than 1 X  10-3 % at a bias 
of k s T / 3. From the effective and the bulk resistances the junction resistance was 
found. Figure 4.2 shows the corrected data points fitted as described.
To determine the activation energies of the bulk and contact resistances the 
measurements were performed over a large temperature range from 10°C to 147°C. 
Seven measurements were made between 10°C and 40°C in 5 degree steps, this 
was the low temperature region. Between 115°C and 147°C, the high temperature 
region, eight measurements were performed. The high temperature range was chosen 
because this was the region of interest for the capacitance measurements reported 
in section 4.3.2. Measurements at three temperatures between the two regions were 
also carried out. The results obtained for the three resistances for each measurement 
temperature are listed in table 4.1. The largest source of error to the value of Rbulk 
was due to the offset voltages used to correct the bias data. The Rbulk-min  and 
Rbulk—max values shown in the table were obtained with the ‘one sigma’ variation in 
the experimentally obtained offset voltages. The value of the bulk resistivity (pbulk) 
was determined from Rbulk and the geometry of the diode.
The quality of the Schottky contact was investigated by performing the fit for 
higher values of applied bias. The bulk resistance was kept constant and the function:
j T f q ( V - I R buik) \ \ , f - q ( V - I R buik) \ ]
J  =  / <"“ p I P(3)kBT  )  1 ~  6XP I  W  j. (4.3)
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10 283 515.0 61.94 68.99 55.06 453.1 239.3
15 288 262.0 17.38 20.90 13.94 244.6 67.13
20 293 138.6 16.60 18.56 14.68 122.0 64.12
25 298 74.67 15.26 16.59 13.98 59.41 58.94
30 303 41.59 6.263 6.910 5.634 35.33 24.19
35 308 23.29 3.907 4.278 3.547 19.38 15.09
40 313 13.35 2.258 2.471 2.051 11.09 8.722
kO kO kO kO kO kOcm
60 333 1674. 399.0 432.5 377.7 1275. 1541.
80 353 294.5 80.00 86.15 76.08 214.5 309.0
100 373 65.68 16.71 17.81 15.99 48.97 64.54
115 388 20.05 6.464 6.887 6.194 13.59 24.97
120 393 14.10 4.740 5.050 4.542 9.36 18.31
125 398 10.35 3.674 3.894 3.533 6.68 14.19
130 403 7.841 2.794 2.939 2.702 5.047 10.79
135 408 5.694 2.150 2.260 2.080 3.544 8.305
140 413 4.081 1.559 1.641 1.507 2.522 6.022
145 418 2.963 1.358 1.428 1.315 1.605 5.245
147 420 2.702 1.136 1.195 1.099 1.566 4.388
Table 4.1: The measured diode resistances as a function of temperature.
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Figure 4.2: The current characteristic at 20°C of a guarded SI-U GaAs diode and the 
fit obtained with equation 4.2. The free parameters were P (l) =  2.017 x 10“ 10 Acm-2 , 
P(T) =  2.524 x 10"2 V and R bulk =  1.660 x 106
where P (3) is the free parameter known as the ideality factor (n) (see equation 
(2.78) section 2.6.1), was fitted to the data.
As the bias increased the forward current increased and there was therefore an 
increase in the electron density in the material which caused a change in the bulk 
resistivity of the diode. For this reason the fit could not be applied to high forward 
bias voltages. The fit was therefore performed over the reverse bias section of the 
curve and for a forward bias up to k g T / 2. The value of n  obtained for fits from 
1 k s T  to 10Uq T  ranged from 1.03 to 1.04. This demonstrated the quality of the 
Schottky contact. Figure 4.3 shows the corrected data measured at 20°C and the 
result of the fit performed up to lOA^T. The ideality factor is 1.04.
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Figure 4.3: The current characteristic at 20°C of a guarded SI-U GaAs diode and the fit 
obtained with equation 4.3 up to 10ksT.  The value of the ideality factor is 1.04.
From the tem perature dependence of the contact resistance the barrier height 
was found. As discussed above the low bias diode current is proportional to the 
applied voltage, therefore from Ohm’s law:
J _  = 1 1 1  =  q SeJ° (4
R* V  k B T  { ' J
where Se is the electrically active area of the diode. Substitution for Jo from equation 
(2.71) of section 2.6.1 gives:
=  l n ( ^ £ ^ )  = 1n ( ^ 7 ) - ^ i  (4.5)
\ R ^ S eT )  V T  )  \ k s  J k s  T
where <Jcontact is the contact conductivity. A graph of ln (accffiflct) against 1 /T  will 
give a straight line with a gradient of magnitude qcf>b/kB if A * (defined in equation
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Figure 4.4: The activation plot to determine the barrier height of an LEC SI-U GaAs 
diode from the contact conductivity. The units used are: R - Q; Se - cm2; T - K .The key 
is: small squares - all data; large squares - high temperature range; large diamonds - low 
range; dashed line - high temperature fit; solid line - low range fit.
2.72) and 4>b remain constant. Separate curves were fitted to the high and the low 
temperature regions shown in figure 4.4, where, over each limited tem perature range, 
the assumption of constant A* and values is valid.
The barrier height found for the low temperature range was 0.92±0.02 V and for 
the high temperature range was 0.91 ±0.02 V. The quoted error is tha t derived from 
the variation in the bulk resistance. The Schottky contact was made from titanium 
which has been reported to form a barrier height of 0.83 V[23] on n-type material.
Barrier heights can also be determined by utilising the dependence of the forward 
current upon the measurement temperature. If the current density of equation (2.82) 
is multiplied by the electrically active area (S e) then the dependence, for forward 
bias, is given by:
to q/kB{<fib ~  V)-  Here V is the corrected bias that was actually applied across the 
contact. Such a graph is shown in figure 4.5 for the LEC diode under a forward bias 
of 0.01V. The barrier heights found were 0.87 ±  0.03 V and 0.91 ± 0.03 V for the low 
and high temperature ranges respectively.
(4.6)
A plot of ln ( / /T 2) against 1 /T  therefore gives a straight line with a gradient equal
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Figure 4.5: The activation energy plot for determination of the barrier height for the
LEC diode under a forward bias of 0.01V. The units used are: I - A\ T - K. The key is: 
small squares - all data; large squares - high temperature range; large diamonds - low range; 
dashed line - high temperature fit; solid line - low range fit.
The quoted error was determined from the variation in the current due to the 
error in the value of the bulk resistance and thus V. Both barrier heights were equal 
within their errors, and equal to the results from the conductivity measurement.
The activation energy of the bulk conductivity (E a ) can be found from the bulk 
conductivity (a buik), given by:
1 t  ( a n\
°buik =  ------------ =  -5-------- 77-  =  q n fin  ( 4 . 7 )
Pbulk ^ bu lk^ e
where t is the thickness of the substrate, n  is the electron density in the conduction 
band and fin is the electron mobility. The activation energy of the conductivity 
therefore corresponds to the activation energy of the electron density given in 
equation (2.5) of section 2.2.2. The tem perature dependence of the conductivity is 
defined by the dependencies of the electron density and the mobility. From equation
3
(2.5) the electron density is proportional to N c  and thus has a T 2 dependency while
the variation of the mobility with tem perature has been measured to depend upon
the magnitude of the temperature[40]. For temperatures of order room temperature 
fin oc T _ 2 , while at higher temperatures the mobility is inversely proportional to 
the temperature. Therefore:
3  _  i_
dbulk o c T ^ T  2 = T l Low temperature range
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(a) Low temperature range. (b) High temperature range.
Figure 4.6: Bulk conductivity activation plots.
3 1
o bulk T * T ~ l — T 2 High temperature range (4-8)
So for the low temperature range a plot of ln(cr/T) against 1 / T  will have a gradient 
equal to — ^  and for the high temperature range the same gradient will result 
from a graph of ln(cr/T^) against 1/T . Figure 4.6 shows the results obtained. The 
gradients were 9.26 and 8.46 which gave the activation energies 0.78 ±  0.04 eV and 
0.73 ± 0.02 eV for the low and high temperature ranges respectively. The errors were 
obtained from the variation in Rbulk• The two activation energies are equal within 
the errors of the experiment.
The values obtained for the activation of the bulk conductivity and thus the 
electron density are dependent upon the temperature dependence of the mobility. If 
the low temperature range mobility dependence was in fact the same as that given 
for the high temperature range an activation energy of 0.74 eV is obtained, which 
is within the errors of the above value.
The actual electron density can be derived from the conductivity with the use 
of equation (4.7). The value of the mobility depends upon the material used and 
the measurement temperature, as discussed above. The mobility value used was 
obtained from Hall measurements made on Hitachi material[40] , and equalled 
7710 cm2V-1 s-1 at 305 K with a T ” 2 temperature dependence and 6140 cm2V-1s-1 
at 400 K with a T -1 dependence. The mobility in the low tem perature region was 
found using the former relationship and the la tter was used for the high temperature
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Figure 4.7: The electron density, found from the bulk conductivity, as a function of inverse 
temperature.
region. The number of electrons in the conduction band against inverse temperature 
is shown in figure 4.7.
The value obtained for the activation energy of the conductivity is between the 
values ( E c  — E y ) / 2 =  E g/ 2  and E c  — E e l 2 , where E g is the band gap energy and 
E e l 2 is the energy level of EL2, the dominant donor. The activation energy will 
approach half the band gap energy as the temperature increases because the electron 
density at very high temperatures is defined by the intrinsic electron density given 
by equation (2.12)[26]. For LEC SI-U GaAs the dominant level is the EL2 donor, 
(discussed in the theory chapter), with an energy level of E c  — E e l 2 — 0.75 eV. The 
band gap in GaAs is given by[1]:
E , ( T )  = 1.519- 5-4° ^ 12°0~44T2 (4.9)
and therefore equals 1.43eV at 20°C. It is clear that E g/ 2 is close to E c  — E e l 2 at
this temperature. It is unlikely that at this temperature the electron excitation from
the valence to conduction band has become the dominant process. Therefore it is 
concluded that the electron density for the temperature range examined is governed 
by the EL2 level in the material.
From the measured number of free carriers in the material the Fermi level ( E e ), 
with respect to the valence band, can be found with the use of:
E F = E g - k B T \ * ( j £ j  (4.10)
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At 20°C the Fermi level was found to equal 0.81 eV which is consistent with the 
compensation model of Look[26].
4 .1 .2  H igh  v o lta g e  ch a ra cte r is tic s
The low voltage characteristics of the diodes fabricated upon the high resistivity 
material have been shown to obey standard theory when the effect of the substrate 
resistivity is removed. However, as the reverse bias was increased still further the 
current characteristic changed dramatically. The leakage current no longer increased 
with bias but reached a plateau value. This is termed the high voltage characteristic 
and was found to be the region under which charge collection experiments could be 
performed, results of which are detailed later in this chapter. T hat is, the magnitude 
and extension of the electric field in this region was sufficient to cause separation 
and transportation of the charge carriers without excessive loss due to trapping 
processes.
The typical high voltage IV of a 200 /im thick LEC SI-U GaAs diode, measured at 
20°C, is shown in figure 4.8. The metal contacts were those described in section 3.1.3. 
A second characteristic is shown in the figure for the same diode but measured with 
the guard ring connected to the pad. The increase in current is due to an increase in 
surface currents and/or an increase in the lateral spreading of the depletion region. 
The la tter will only be of importance if the excess current at these high voltages 
is due to generation processes in the bulk material rather than  emission over the 
barrier.
The current at -10 V was assumed to be generation current and therefore from 
equation (2.101) has a temperature dependence given by:
Jgen oc T 2 exp (4*n )
therefore a plot of In ( I / T 2) against 1 /T  gives a straight line with a gradient equal to 
the activation energy. The result, shown in figure 4.9(a), gave an activation energy 
of 0.76 ±  0.02 eV which corresponds to E a  =  0.75 ± 0.02 eV for generation involving 
the EL2 trap[41].
Generation current is not expected to plateau with increasing bias, contrary 
to observation. The plateau in reverse current has been suggested to be due to
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Figure 4.8: The high voltage reverse bias current characteristic of a 200 fim thick LEC Si­
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(b) Measured at a bias of -100 V.
Figure 4.9: Activation plots for the high voltage reverse current of an LEC SI-U GaAs 
diode.
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space charge limiting effects involving the enhanced electron capture cross-section 
of the EL2 defect[42], The plateau current at a reverse bias of 100 V was measured 
as a function of temperature, the results of which are shown in figure 4.9(b). If 
the tem perature dependence follows that of generation current then the activation 
energy of the reverse current is 0.854=0.01 eV. Such an activation energy is consistent 
with the activation energy of the EL2 electron emission rate of 0.83 ±  0.01 eV (see 
section 2.9.3). Therefore it is suggested tha t the current does not increase with 
bias above 50V due to limiting effects involving the EL2  defect. Such a model has 
successfully predicted the presence of a quasi-neutral region behind the reverse biased 
contact and the resultant electric field distribution as shown in the section 2 .9 .3 .
Furthermore the activation energy did not change if the diode was unguarded, 
which implies that the reverse current was a bulk effect and not surface generation. 
The increase in the reverse current for the unguarded measurement therefore was 
due to the lateral spreading of the high field region in the bulk material.
The magnitude of the leakage current is very flat from a few tens of volts up to 
a voltage where the current increases dramatically. For reasons which will become 
apparent later this bias is referred to as the full depletion voltage (Vjd) of the diode. 
Figure 4.10 shows that Vjd scales with the substrate thickness of the diode. The 
curve fitted to the diodes with a substrate thickness of less than 300 f im  gave a Vjd 
equal to 0.9 ±0.1  V//im  of diode thickness. The thickest substrates (~  500 ^m) did 
not undergo the same surface treatm ent before metallisation, resulting in a reduction 
in surface quality which could alter V jd • However, if the 500 f im  thick devices are 
included in the fit then Vjd =  1 .2  ±  0 . 2  V  /  f im  which is consistent with the above 
value.
While the full depletion voltage scaled with detector thickness the magnitude of 
the reverse bias plateau current remained constant up to V/d, illustrated by figure 
4.11 for a 115 f ini and a 500 ^m  thick diode.
Figure 4.12 shows the high voltage reverse current characteristic for three diodes, 
all with Schottky front contacts. Diodes A and B were fabricated from MCP material 
as described in section 3.1 of chapter 3. Diode A underwent a 16.5 minute and diode 
B a 33 minute anneal. The third diode (C) was fabricated by the company Alenia 
SpA with LEC SI-U GaAs from the manufacturer Sumitomo. The ohmic contact
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Figure 4.11: Reverse current of two SI-U diodes of different thickness measured at 20°C. 
The key is: solid line - 115 //m; dashed line - 500 fim thick.
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(b) Alenia diode C.
Figure 4.12: The reverse bias current characteristics of three diodes measured at 20°C.
was again realised through metallisation but via a different process to that used at 
Glasgow University. The figure clearly shows for all three detectors tha t, while the 
magnitude of the leakage current did not alter significantly, the post-Vjd current 
characteristics varied greatly. The MCP diode B had a leakage current density of 
13.7 nA /m m - 2  a t -200 V compared to 7.3 nA /m m - 2  for the Alenia detector. Diode 
B showed a slower rise in the post-Vjd current with respect to A while the Alenia 
diode had the best high voltage characteristic. The value of Vjd increased from 
approximately 180 V to 240 V for the MCP diodes and was close to  300 V for the 
Alenia diode.
The linear dependence on the diode thickness found for Vjd and the increase in 
reverse current for voltages in excess of this bias leads to the conclusion tha t Vjd 
corresponds to the high field region, commented on in section 4.1.2, reaching the 
back contact of the device. The penetration rate of the high field region has been 
measured to equal 0.7 — 1.0/im/V[43] which corresponds to the rate of increase in Vjd  
with substrate thickness. The ohmic contact fabricated with the longer anneal time 
will have a larger n + layer and thus a greater bias is required before the depletion 
region crosses the doped region. Therefore the reduction in leakage current for the 
MCP diode B in the post-V/^ region is due to a better n + layer and thus a reduction 
in charge injection.
The Alenia diode demonstrated the ability to withstand very high voltages
CHAPTER 4. CHARACTERISTICS OF GAAS DETECTORS 103
without a dramatic increase in current, due to the very good, non-injecting back 
contact. The current increase for high applied bias, and thus high fields, could be 
due to the Poole-Frenkel effect. In section 2.9.3 the current dependence for this effect 
was given in terms of the electric field. Before full depletion the electric field has 
been measured to remain reasonably constant with applied bias. After full depletion 
the electric field is expected to increase with applied bias. The field was modelled in 
[44] and a linear dependence between the field and applied bias was obtained after 
full depletion. If Poole-Frenkel emission is the cause of the extra current at high 
voltage then the extra current should increase, according to equation (2.126), as:
J  oc V  exp ( c W ^ j  (4.12)
where C is a constant.
Figure 4.13 shows the current characteristic of the Alenia diode fitted for voltages 
above 500 V with the function:
I  = P ( l)  x V  exp (p (2 )F a )  (4.13)
where P ( l )  and P ( 2 ) were free parameters. Values of 4.4 x 10- 1 1  and 0.067 were 
obtained for P (l)  and P(2), respectively. The good agreement between the fit and 
the data leads to the suggestion that the extra current is indeed due to the Poole- 
Frenkel effect.
4.2 Spectral noise measurements
The signal-to-noise ratio of a semiconductor detector is very im portant and leads 
to limiting effects on the spatial resolution of microstrip devices (see chapter 6 ). 
Therefore the noise spectrum of a simple pad detector was investigated.
This section is divided into three subsections: a brief introduction to noise sources 
in a semiconductor device, (a detailed discussion of noise theory can be found in 
[45, 46]), the experimental procedure used to perform noise spectral measurements, 
and the results obtained for SI-U GaAs diodes.
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Figure 4.13: The high voltage reverse bias current characteristic of an Alenia diode and 
the fit of equation (4.13).
4 .2 .1  N o ise  sou rces
The electrical noise or fluctuations in a semiconductor can be described as a series 
of pulses that are generated by the movement of electrons between scattering or 
generation-recombination events. This is manifested as spontaneous fluctuations in 
the current passing through, or the voltage dropped across, a device.
Any quantity X ( t )  tha t shows noise can be expressed as:
X ( t )  = < X >  + A X ( t )  (4.14)
where A X ( t )  is the deviation of X ( t )  from its time average value (< X  >) at a
given time t. < X  > is obtained for the fluctuating variable X (i) if the quantity
is measured over a sufficiently long time interval. For a stationary function the 
deviation A X (t) may be written as the Fourier series:
AX ( t )  = y j dj exp(z27r/^) + a* exp(—z27t/^) (4-15)
i
where the coefficients a; are fluctuating amplitudes with an associated frequency /;.
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For a noise component measured at a given frequency /*:
< AX*(i) > =  0 (4.16)
and
< (A X ; ( < ) ) 2 > =  2 < a,a* > (4.17)
For measurements in a given bandwidth A /  the components of the Fourier series 
add quadratically to give the total fluctuation. The noise within a unit bandwidth 
is known as the spectral density, (S x ( f )), or power spectral density as it may be 
considered to be related to the total energy of the system in a unit bandwidth per 
second. The definition of S x ( f ) is:
where X ( f )  is the Fourier transform of X ( t )  and |/T (/)| is the average over many 
identical events (the ensemble average), rather than over a time duration.
In the simplest case where the transitions that cause the noise are described by:
interactions being imposed. For small fluctuations this is indeed true and thus the 
Lorentzian spectrum appears often. At low frequencies ( f r  <C 1) the spectrum is
There are four noise source classifications in semiconductors: thermal, shot, 
generation-recombination, and modulation or 1 / /  noise.
S x U )  = Jim 2 |* ( / ) l 2 (4.18)T  —+oo T
- d A X  A X
(4.19)
dt r
where r  is the lifetime of the fluctuation causing interaction, the spectral density is 
Lorentzian and equals:
(4.20)
From simple statistical considerations < (A X ) 2 > can usually be found, for example 
in the case of number fluctuations it is given by Poisson statistics.
This equation is very general with only the condition of independent electron
white, that is independent of frequency, while at high frequencies ( f r  >  1 ) it varies 
as l / / 2, and its half power point is at /  =
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Thermal noise is a white noise source which, for a semiconductor of resistance 
R, has a mean squared current noise (the spectral current noise density S{) and a 
mean squared voltage noise (the spectral voltage noise density S v):
S i = $ £  ; S v = 4 k BT R  (4.21)
JX
Shot noise in a diode is related to the statistical nature of the injection of charge 
carriers over the Schottky barrier into the semiconductor[45]. For a diode with 
reverse current I  equal to q < n  >, where n  is the spontaneously fluctuating number 
of electrons that cross the barrier per second, the spectral density is:
S i ( f )  — 2 a q 2 < n  >=  2 a q l  (4.22)
where a  = 1 for full shot noise. In fact as long as the current generating process 
is related to a time-dependent random variable, which consists of a large number 
of independent, random, identical events described by Poisson statistics, then the 
spectral current density will have the same form.
Shot noise is therefore linearly dependent on the frequency of the electrons 
crossing the barrier and quadratically dependent on the charge of the pulse that the 
electron creates in the external measuring circuit. The spectrum is white because 
of the very short transit time of the carriers across the barrier, where the barrier 
includes the space charge region. For the barrier to show full shot noise at all 
frequencies two conditions must be met. When charge carriers are injected into the 
material space-charge neutrality must be re-established in a very short time, given 
by the material dielectric relaxation time ep [1 ], where p is the resistivity and e the 
permittivity of the material. For SI-U GaAs this is of the order of 10- 5  s. The second 
condition is tha t each current pulse should be able to displace a charge equivalent to 
that of one electron in the external circuit, therefore a low probability of trapping 
is required in the space charge region. If the second condition is not met then a  is 
not equal to one.
For a semiconductor with a significant trap  density a third noise source is 
introduced (generation-recombination noise) due to the continuous trapping and de­
trapping of the charge carriers. This causes a fluctuation in the number of carriers in 
the conduction and valence bands. The transitions are described by equation (4.19)
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and therefore the spectral density is Lorentzian, with a corner frequency given by 
the lifetime of the electrons in the conduction band (rn). The current noise density 
was calculated by van Vliet[47] to equal:
S  ( f) =  < ( ^ n ) > (4  23)
nU)  ( 1  +  ( 2 t r / r n ) 2 ) ( }
where < (A n ) 2 >oc 72. Measured spectra usually have a dispersed corner frequency 
which implies a wide distribution of lifetimes. If the diode current is due to 
generation processes then the expression for the noise will be given by equation 
(4.23) rather than the shot noise expression of equation (4.22). However, in most 
Schottky junction devices the applied voltage will increase the injection rate and the 
noise will show a very close resemblance to shot noise.
At low frequencies an excess noise spectral density with a 1 /f amplitude depen­
dence, known as modulation noise, is observed in semiconductors. The magnitude of 
this noise source is dependent upon the device, material and processing techniques.
A diode may be represented by an equivalent current generator \ / S jd io d e i f ) 
parallel with a noise-less device through the definition of an equivalent noise current 
(7eg), or as a voltage source y/Svd iode ( f ) with an equivalent noise resistance (R n), 
by:
S l d i o d e ( f )  = 2 q l e q  5 S y  d i o d e ( f )  = ^ b T  R n (4.24)
4.2.2 Experimental
The noise spectral densities were measured for two simple pad diodes fabricated from 
200 f im  thick SI-U MCP material. Both diode contacts were Schottky in nature, the 
front circular contact had a 2 0 0  f im  wide guard ring while the rear covered the entire 
area of the substrate. The reverse (relative to the guarded front contact) saturation 
current density of both diodes, in the high bias plateau region, was 25nA/mm2.
The diode was D.C coupled to the input of a low-noise wide-band feedback 
transimpedance amplifier from the Politecnico di Milano[48]. A feedback tran­
simpedance amplifier is realized by connecting an impedance between the output 
and the inverting input of a high-gain voltage amplifier. The equivalent circuit is 
given in figure 4.14, where the labels are explained in the caption. The spectral





Figure 4.14: The equivalent circuit of the diode connected to the transimpedance amplifier. 
The diode is represented by its impedance Z ^ ^ g, reverse bias current I^ode* an(  ^ current 
noise spectrum, S ^ ^ g . The feedback impedance is represented by the impedance Zf and 
noise spectrum Sjf. The transimpedance amplifier, with open loop gain Av, is represented 
by an open loop input impedance Za, and input leakage current la with a noise spectrum 
Sfa- Sya is the spectral density of the input voltage noise of the amplifier.
noise density of the output voltage S v o u t ( f )  is given by:
S v o u t ( f )  = ( S Idioie( f )  + S , a m t U ) ) \ Z / ( f ) \ 2 (4-25)
where 5 /amp( /)  is the total equivalent input noise current spectrum of the amplifier 
and Z j ( f )  is the frequency dependent feedback impedance. As long as Z f ( f ) is 
known and S i amp( f ) is small, the current noise spectrum of the diode can be 
obtained. The output of the amplifier was connected, via a low-noise voltage 
amplifier, to a signal analyser.
The feedback impedance was realised by a resistor ( R f )  and capacitor ( Cj )  
in parallel. The resistor value was large to maximise the gain of the amplifier 
and minimise the resistor thermal noise, which was the dominant contribution to 
S l a m p ( f ) ’ However, the maximum value was limited by the magnitude of the diode 
leakage current because an excessive voltage drop across the amplifier resulted in 
saturation. The feedback capacitor was incorporated to increase the high frequency 
gain. Values of 33 MH and 1 pC were used for the feedback circuit. The theoretical 
background current noise was therefore 2.2 X  10- 14A / y / H z  at 300 K. The measured 
input-referred background noise of the amplifier chain was white over the total 
frequency range ( 1 0  Hz to 1 0 0  kHz) with a magnitude of 1.7 ±  0.5 x 10-14A / V H z
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1.01E-26 ± 6E-28 
6.5E-25 ± 7E-26 
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Figure 4.15: Typical noise spectrum of a SI-U GaAs diode in reverse bias measured at 
20°C. The key is: solid line - measurement; dashed line - theoretical shot noise; smooth 
curve - fit of equation (4.26).
at 300 K, which is within the theoretical prediction.
4 .2 .3  R e su lts  and  d iscu ssio n
At zero bias the measured noise was the thermal noise of the feedback impedance and 
test diode in parallel. From equation (4.24) the equivalent noise resistances of the 
diodes were found. From the dimensions of the two diodes the material resistivity 
of 1.5 ±  0.3 X 107fkm  was found, which is the same as the bulk resistivity found for 
a similar diode in section 4.1.1.
Figure 4.15 shows a typical noise spectrum. The spectra were white at frequen­
cies above the corner frequency of the excess noise, however the value of the current 
noise density was less that tha t expected from equation (4.22). At a frequency of 
10 kHz the noise over the measured leakage current range was between 1.7 and 2.3 
times less than the simple shot noise prediction and therefore a  equalled 0.5 ±  0.1.
If the leakage current was due to the thermionic emission of carriers over the 
Schottky barrier, or any other Poisson statistical process, then the noise should be 
shot noise. A simple model can be devised to explain the shot noise spectra obtained,
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Figure 4.16: Simple model for shot noise.
with reference to equation (4.22) and figure 4.16. One can say tha t if an electron 
is trapped in the space charge region, and at a later instant released, then this 
electron will produce two pulses of charge whose sum is equal to q. If the electron 
is captured after producing a charge pulse equal to \ q  in the external circuit and 
then released, on average the frequency of charge pulses produced by the emitted 
electrons is doubled while the charge is halved. The shot noise spectral density is 
thus reduced by a factor of two. This process is possible due to the high EL2 trap 
concentration in SI-U GaAs.
Shot noise should be white due to the fast transit time of the electrons across the 
high field region behind the reversed biased Schottky junction, however this was not 
observed. At a frequency between 20 kHz and 30 kHz there was a corner in the noise 
spectrum. This is explained with reference to the condition imposed on shot noise 
that charge neutrality is obtained in a time given by the dielectric relaxation time 
(section 4.2.1). Assuming tha t the noise source is Lorentzian, the corner frequency 
corresponds to the reciprocal of this time constant and implies a lifetime of the order 
10- 5  s, comparable with the dielectric relaxation time for SI-U GaAs.
The activation energy plot for the current at -10 V implied tha t the current, at 
this bias, was due to generation processes while the plateau in the reverse current 
at higher voltages was assumed to be due to the enhanced electron capture of the 
EL2 trap in the high electric field. Therefore, a generation noise spectrum was also 
expected. An iterative fit of the form:
S u «  = P ( l ) f  + ,  +  ( 7 /> (4j j 5 (4'26)
was performed to the noise spectral density obtained for a reverse bias of 30V at
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Figure 4.17: Noise spectrum for a bias of 230 V and a leakage current of 82 nA, measured 
at 20°C. The key is: solid line - measurement; dashed line - theoretical shot noise.
2 0 °C, where P (l)  to P(4) were free parameters. The fit and the obtained parameters 
are shown in figure 4.15. The generation component was significant only at low 
frequency. The lifetime of the process obtained from the fitted corner frequency of 
70 ±  15 Hz was 2.3 ±  0.6 ms.
The final part of the diode noise spectrum was the low frequency excess noise. 
This was observed for both diodes for currents up to 70 nA (75 V bias) with a 
frequency dependence of approximately 1 / / “ , with a  = 1. The total excess noise 
equalled the white noise at a critical frequency of order 500 Hz. At high bias the 
excess noise and the critical frequency both increased. For a bias close to Vfd (230 V 
for this diode) the critical frequency was greater than 1kHz, see figure 4.17. The shot 
noise, however, remained less than the theoretical value predicted from the leakage 
current.
Pulser noise measurements, described in section 3.2.5, were also performed on 
a simple SI-U GaAs pad diode with a guarded Schottky front and a guarded rear 
ohmic contact. The substrate was 200 f im  thick MCP material.
A 3 fis shaping time (r)  was used for the amplifier to ensure tha t the measured 
noise was dominated by the white leakage current noise[49]. The noise was measured
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Figure 4.18: Reverse current noise of a SI-U GaAs diode in units of equivalent electrons 
measured at 20°C. The key is: squares - measured; diamonds - predicted from the measured 
reverse current.
to increase with shaping time which implies tha t the measured noise was dominated 
by current rather than capacitance noise. This was expected for peaking times 
~  l/j,s due to the high value of the reverse current of the diode and the low input 
capacitance noise of the amplifier diode combination.
The zero bias FWHM of the Gaussian noise due to the readout electronics and 
the diode capacitive load was 490 electrons. The Gaussian noise was measured over 
the high voltage reverse bias characteristic of the diode and the additional leakage 
current noise was calculated with equation 3.9, and plotted as a function of bias, 
shown in figure 4.18. The theoretical shot noise {ENCshot)',  in equivalent electrons, 
due to the reverse current of the diode (Idet) was calculated with:
E N C shot = (4.27)
where e is the base of natural logarithms, and q the electron charge. The reverse 
current shot noise is shown in figure 4.18. The figure demonstrates th a t the Gaussian 
noise is dependent upon the leakage current, however the magnitude is less than that 
expected from simple theory. The ratio of the measured to theoretical shot noise at 
a bias of 100 V was 0.85 which implies a  =  0.7, to be compared to a  = 0.5 ± 0 .1  
from the earlier spectral noise measurements.
In summary, the current spectral noise of SI-U GaAs diodes has been measured
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and shown to have a white noise spectrum with a magnitude close to half that 
expected from the leakage current. A simple model was proposed that assumed 
charge carrier trapping was responsible for the reduction. A noise component due 
to generation-recombination noise was observed and the low frequency excess noise 
was measured to be negligible at the readout frequency of the charge collection 
experiments (~2 MHz), due to the low value of the critical frequency. Only for bias 
values approaching Vjd was the excess noise significant for frequencies above 1 kHz.
4.3 Capacitance characteristics
This section reports the results obtained using capacitance measurement techniques. 
The theory of the capacitance of a reverse biased metal-semiconductor contact 
is contained in section 2 . 8  for a material without deep levels and extended in 
section 2.9.4 to include such levels. The implications of the relative magnitude 
of the trap emission, the test signal voltage and the bias voltage frequencies to the 
measured capacitance when such levels are present were discussed.
It was shown that both the extension of the depletion region (the sensitive depth 
of a detector) and the effective doping concentration can be found with the use of 
capacitance measurements under the correct measurement conditions.
4 .3 .1  R o o m  te m p e r a tu r e  m e a su rem en ts
Capacitance measurements of a guarded simple pad SI-U GaAs diode were performed 
as described in section 3.2.2 at a temperature of 300 K. Results obtained for a diode 
4mm in diameter and 183 thick, with a test signal of amplitude 0.05 V, are 
shown in figure 4.19
The figure shows a significant variation in measured capacitance with the test 
signal frequency, with the lower the frequency the higher the measured capacitance. 
At the maximum frequency of 100 kHz the measured capacitance was independent 
of the applied bias. There are two reasons for such an effect: the high resistivity of 
the substrate material and the low emission rate of the deep traps, of which EL2 is 
the lowest in GaAs.
Section 3.2.2 explained that the capacitance is determined from the measurement
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(a) Capacitance as a function of reverse 
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Figure 4.19: The capacitance characteristics of a reverse biased SI-U GaAs diode with an 
area of 0.13 cm2, measured at 300 K. The capacitance at -10V measured with a test signal 
of 100 Hz is 1100 pF/cm-2 .
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Figure 4.20: The equivalent circuit for a SI-U GaAs diode.
of an A.C. current 90° out of phase with to the A.C. test voltage. The presence of 
the large series resistance implies tha t the phase shift will not be 90° and thus the 
measured capacitance was affected.
Capacitance measurements on semi-insulating material can be understood with 
reference to the equivalent circuit of figure 4.20. The circuit has a substrate 
capacitance (C s )  and resistance ( R s )  in parallel with each other and in series with 
the depletion region of capacitance C d  and resistance R q . The impedance (Z) of
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the circuit is:
Z = R d R s
1 +  j u R d C d  +  1 +  j u R s C s  ( 4 ' 2 8 )
If the series resistivity (p s ) is very high (psi-U GaAs > 107 ^ cm) it will approach 
tha t of the depleted region (pD ~  p s )  and therefore for a diode of length L + w  with 













where S e is the area of the contact, and p is the common resistivity. Equation (4.28) 
now simplifies to:
p(w  +  L)
Z  = 
S e{l  + jLJp€s)
From Ohm’s law the current through the device is:
' S e( l + j u ) p e a)
(4.30)
I  = V  
= V  
= V
p( w  +  L )
+ SeJUpts_p(w + L)  p (w  +  L)_
1  . ^+ JLoC t
.R d  + R s
(4.31)
where C t  is the total geometric capacitance of the diode. The phase shifted current 
is therefore equal to ujV C t  which is constant regardless of the depth of the depletion 
region.
The capacitance obtained at 100kHz was indeed constant with reverse bias at 
a value of 8.77 ±  0.03 pF; this should be compared to the theoretical geometric 
capacitance for this diode of 8.04 pF. This 10% difference could result from an 
inaccuracy in the area of the diode. The diode was not guarded and thus effects 
due to lateral spreading of the high field region were not taken into account. This 
would increase the effective area of the diode and thus the value of the measured 
capacitance.
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Figure 4.21: The calculated depletion depth (space charge region) as a function of reverse 
bias for a SI-U GaAs diode measured with a test signal of 100 Hz at 300 K. The fit was 
performed between -50 V and -100 V.
If the measurement frequency is reduced the electrons released at the edge of 
the depletion region can short the substrate region and the active region is now, in 
effect, only in series with the resistance R s . The measured capacitance will therefore 
vary as a function of bias, illustrated in figure 4.19(b). The series resistance at room 
tem perature, however, is still very large and the A.C. current and voltage will not 
be 90° out of phase.
W ith equation (2.48) the extension of the space charge region of the diode as a 
function of reverse bias was found from the capacitance-voltage (C-V) measurement 
performed with a test signal of 100 Hz and amplitude of 0.05 V; shown in figure 4.21. 
At a reverse bias greater than 100 V the accuracy of the measurement was limited 
by the equipment which explains the scatter in the calculated values of w  at large 
reverse bias. The extension of the depletion region measured with the capacitance 
did not show the standard theoretical dependence of w  a  V  2 . Above approximately 
30 V reverse bias the extension of the depletion region was proportional to the 
applied bias. A linear fit performed to the data  for a reverse bias between 50 V and 
1 0 0  V gave the dependence w  = 0 . 8  ± 0 .1  V which is consistent with tha t found in 
section 4.1.2 and that given in [43].
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4 .3 .2  H igh  te m p e r a tu r e  m ea su rem en ts
To obtain the trap density of a semiconductor from a capacitance measurement the 
emission frequency of the trap  must be greater than the test voltage frequency, as 
discussed in section 2.9.4, the bulk resistivity must not be excessive, otherwise the 
phase difference between the current and voltage is affected, and the leakage current 
must not be too large or a significant voltage will be dropped across the bulk.
For GaAs the emission rate of the EL2 trap as a function of tem perature is 
given by equation (2.123). At 300 K the emission rate is 0.045 s_1  which implies 
that the trap time constant (r t) is 11s (see equation (2.131) of section 2.9.4). For 
the capacitance technique to be sensitive to this deep level the frequency of the 
test signal (cjs) must be less than the reciprocal of this time constant. That is, 
a frequency of less than 0.09 Hz is required. The minimum test frequency of the 
Hewlett Packard LCR meter used, however, was 100 Hz and therefore from equation 
(2.123) a temperature above 410 K was required. The measurements were performed 
at 420 K with a test signal frequency of 120 Hz to ensure that the EL2 trap was 
measured.
To overcome the problem of the high resistance of the substrate, (the series 
resistance), and the voltage drop across the back contact boundary conditions must 
be imposed upon the measurement procedure. The influence of the forward biased 
back contact may be ignored for applied voltages considerably greater than the 
diffusion voltage, due to the very small resistivity of the forward biased contact 
above this voltage. The effect of the high bulk resistance has been considered by 
Berman[50] who showed that the perturbation is small and sensible interpretations 
can be made, from the C-V data, as long as the condition:
“>.rM ( § f )  2 <  1 (4-32)
is satisfied; where ws is the angular frequency of the test signal, t m  = C5  x Rs, 
where Cs and Rs are the capacitance and resistance of the substrate, and Cg is the 
capacitance of the barrier.
The value of t m  simplifies to esp (=  eVacuumer/>) which has a temperature
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dependence. The dielectric constant (er ) has a temperature dependence given by[51]:
er (T )  = c(0)(l +  XT)  (4.33)
where eT (0) = 12.4 is the dielectric constant at OK and A = 2.0 X  10- 4  i f -1 . The 
value at 410 K is therefore 13.4. The bulk resistance was found in section 4.1.1 to be 
of order 1 kH at this temperature. The ratio of the barrier and substrate capacitance 
is equal to the ratio of the lengths of the substrate and space charge region. For a 
low bias the depletion depth is small ( ~ 1  ftm) and this ratio is approximately equal 
to the thickness of the diode, (=183//m /l/im  for this experiment), due to the low 
extension of the depletion region. Therefore the Berman condition states that at 
410K:
/ w \± 1 
w «  ( i )2 v
«  ( m ) 2 l 2 T I F 5  = 6 x 1 0 7  (4'34)
and the condition is satisfied for a frequency of 100 Hz.
The reduction in barrier resistivity due to hole injection, tunnelling and image 
force lowering was not taken into account by Berman. It has been shown[52], 
however, that as long as the resistance of the barrier is greater than the bulk 
resistance capacitance measurements on the diode will give the barrier capacitance. 
If the applied voltage is too high the barrier resistance will fall and the measurement 
accuracy will be affected. The leakage current will also increase, causing an excessive 
voltage drop across the bulk.
The reverse current-voltage characteristic of a SI-U GaAs diode was measured at 
420 K. The current remained reasonably saturated up to a bias of -10V, as illustrated 
in figure 4.22. Therefore the voltage dropped across the bulk was small and at -7.5 V 
equalled:
Vs  = I r ^ ~ o . 2 V  (4.35)
From the capacitance measurements the doping concentration of the diode was 
determined. The compensation in SI-U GaAs was discussed in section 2.9.1. The 
major deep donor is EL2 with a concentration of N e l 2 • This is partially ionised
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Figure 4.22: The reverse bias current characteristics of a SI-U GaAs diode measured at
equation (2.133) must therefore be replaced by N g L2 — N net and N e l 2 ~  ^ e L 2 '> 
respectively. The negative sign is present in the acceptor term due to the negative 
charge on ionised acceptors.
Satisfying all the above considerations allows the effective trap density (N ej f  = 
N e  +  N t = N e l 2 ~  N net) to be calculated with:
which is derived from equation (2.139). The temperature dependence of the dielectric 
constant must be included.
The capacitance measured at -5V with a test signal of 120 Hz is shown as a 
function of tem perature in figure 4.23(a). The value of the capacitance increased 
from 0.35 nFcm - 2  at 300 K to 20.7 nFcmn-2pF at 420 K. The increase was due to 
the contribution of the stored charge in the deep levels because of the increase in 
electron emission rate with increasing temperature.
The variation of the capacitance with bias voltage is shown in figure 4.23(b). 
Compared to the measurement at 420 K the capacitance at the lowest tem perature 
hardly changed with bias, illustrating clearly the effect of the low trap electron 
emission rate and a large bulk resistivity. As the temperature was increased the low
420K.
( N ^ L2) and compensates the net shallow acceptors (N net = N a  — N d ), where the 
shallow dopants are assumed to be fully ionised. In section 2.9.4 N d  and N t of
(4.36)
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(a) Capacitance at -5 V as a function of 
temperature. The curve is an interpola­
tion between the measured points.
(b) Capacitance as a function of bias 
for five temperatures. The key is: dot- 
dashed line - 320 K; dashed - 340 K; 
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(c) Calculated dependence of 1/C2 as a 
function of voltage across the barrier for 
a SI-U GaAs Schottky barrier at 420 K.
Figure 4.23: The capacitance characteristics of a reverse biased SI-U GaAs diode,
measured with a 0.05 V test signal of frequency 120 Hz.
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bias capacitance increased as expected. At 420 K the effective doping concentration 
was obtained from equation (4.36). It should be noted tha t for low bias, at the 
highest temperatures measured, there was a large increase in capacitance with 
temperature and at a given tem perature a steep fall in capacitance with increasing 
reverse bias. This is clearly visible in figure 4.23(b) for an applied bias below 0.75 V 
in the C-V measurement performed at 380 K. The ‘ex tra’ capacitance could be due 
to an extra source of charge but the reason for this is not understood at present.
Figure 4.23(b) shows that for the measurement performed at 420 K the change in 
the gradient of the C-V curve occurred at a larger reverse bias («  —3 V ) .  Therefore, 
reliable measurements could not be performed at this tem perature for a reverse bias 
less than 3 V.
The doping concentration calculation was performed with data above a reverse 
bias of 5 V to be sure that the contribution from this ‘ex tra’ capacitance did not 
affect the result. The value of the reverse bias could not be increased arbitrarily 
because it will give rise to an unacceptable flow of free carriers across the barrier and 
at still higher voltages the barrier will break down. At 420 K a voltage drop across 
the bulk occurred which required a correction to be made to the voltage actually 
across the barrier.
The effective doping concentration was found for the limited applied voltage 
range of -5.25 V to -5.75 V to ensure that the effects of excessive voltage and reverse 
current did not occur. From the plot of 1 /C 2 against bias shown in figure 4.23(c) 
N tf f  was found to equal 7.4 X  1015 cm-2 . The largest variation in this value occurs 
due to the exact bias voltage chosen for the 1 /C 2 fit. A change of 20% occurs in 
^ S S  if the fit is performed at -10V where the reverse current flow is larger. The 
value, however, is comparable to that given in the literature[52] for Schottky barriers 
or LEC SI-U GaAs material.
4.4 Charge collection
Tie SI-U GaAs diodes having been measured and characterised with respect to 
their electrical properties, their ability to function as working particle detectors 
must be established. The discussion of signal formation in a particle detector and
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that relevant to alpha and minimum ionising particle (mip) detection has already 
been covered in previous chapters (Experimental methods are described in chapter 
3). This section therefore contains only the results of charge collection experiments 
and the inferences tha t can be made.
The charge signal from a GaAs detector consists of two components, a fast pulse 
which is mainly determined by the drift time of the carriers and a slow component 
due to detrapping effects inside the material[23]. The slow component contribution 
to the to tal signal is both material- and bias-dependent. The quality of the material 
determines the amount of trapped charge, while the electric field, determined by 
the applied bias, defines the drift velocity of the carriers and the extension of the 
high field region (the active region for charge collection) of the device. The slow 
component is of the order of several micro-seconds which leads to a dependence of 
the charge signal on the peaking time of the amplifier. For all the charge collection 
experiments a peaking time of 500 ns was used. A longer time constant would lead 
to an increased signal but would also give rise to an increase in the electrical noise 
due to the high reverse current of the device.
4 .4 .1  A lp h a  r e su lts
All detectors tested were fabricated with a Schottky front and an ohmic back contact. 
The signal collected from a reverse-biased detector illuminated with alpha particles 
from the front side is due to the motion of electrons. The pulse size allows the 
electron mean free absorption length (An) to be found. Similarly, the illumination of 
the back side allows the determination of the hole mean free absorption length (Ap) 
(see section 3.2.3). The charge collected (Q coi) is a fraction of the total deposited 
by the 5.45 MeV alpha particle (Qdep = 0.21 pC). The ratio is the charge collection 
efficiency (cce). Front illumination will therefore give the electron cce of the detector 
while back illumination implies the hole cce.
Figure 4.24 shows the electron cce dependence upon applied bias for three 
detectors of different thickness. The detectors were all made from MCP material 
(ingots M 5/224/UN and M 2/295/UN) and were 160 finl, 205 f im  and 500 fini thick.
The charge collection increased with decreasing detector thickness but was less
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Figure 4.24: Alpha charge collection efficiency as a function of bias for GaAs detectors 
fabricated from MCP material of three thicknesses. The key is: triangles - 160 f im  
(M5/224/UN); diamonds - 205 f im  (M2/295/UN); circles - 500 fini (M5/224/UN).
than 100% even for the 160 f im  thick detector. The electron charge collection 
increased with bias and plateaued for each detector at approximately the same bias 
voltage of order 100 V.
The collection of holes will only start to occur when a sufficiently high electric 
field (and thus the active region of the device) extends to within 2 0  f im  of the back 
contact. It has been shown for most diodes tha t at a voltage close to 1 V/ f im  of 
detector thickness (Vjd ) the leakage current increases dramatically due to minority 
carrier injection, and device operation at a higher bias is prevented. Hole collection, 
from alpha particles incident on the back contact, has only been observed for an 
applied bias in excess of this value. Figure 4.25, which shows both electron and hole 
charge collection efficiencies, was obtained for detector G178. This was a 205 f im  
thick detector with improved back contact, (diode B of section 4.1.2), which allowed 
a bias of 400 V to be applied before excessive current prevented detector operation. 
It must therefore be concluded tha t the electric field reached the back contact when 
the applied bias, measured in volts, equalled the detector thickness, measured in 
microns. Therefore Vjd is indeed the full depletion voltage.
For this particular detector the hole charge collection efficiency (=  78.5% ) was 
greater than the electron collection efficiency, which plateaued at 57.7%. Therefore 
the mean free absorption distance for holes is greater than tha t for electrons.
♦♦
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Figure 4.25: Alpha charge collection efficiency for electrons and holes obtained for a
205 /jm thick GaAs detector made from MCP material (M2/295/UN). The key is: diamonds 
- electrons; circles - holes.
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Figure 4.26: Alpha charge collection efficiency as a function of bias for the 200 f im  thick 
Alenia detector AL-W3-8. The key is: diamonds - electrons; triangles - holes.
Due to the nature of the Alenia detectors’ back contact (section 4.1.2) they were 
able to withstand very high voltages before excessive current flowed. The substrate 
material was supplied by a different manufacturer and therefore the carrier mean 
absorption distances and charge collection could differ significantly from the MCP 
material. Figure 4.26 shows the electron and hole cce as a function of bias for a 
200 f im  thick detector. Again the holes are only detected at a bias in excess of
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Figure 4.27: The electron charge collection efficiency (diamonds) and the reverse leakage 
current (triangles) of a 200 fim thick Alenia GaAs detector as a function of bias at very high 
bias. Both measured at 20°C.
Vjd and the cce increased slightly with bias above the minimum bias required for 
detection to a plateau at 100%. The electron charge collection plateaued at 37% for 
an applied bias between 100 V and 300 V. At a bias greater than 300 V the electron 
charge collection increased.
The observed increase in the charge collection of the electrons at very high bias 
could be due to field-enhanced detrapping of electrons from the EL2 trap. It was 
suggested in section 4.1.2 that the increase in leakage current at very high voltages 
was due to the Poole-Frenkel effect. A correlation would therefore be expected 
between the field-enhanced increase in the current and the increase in electron 
charge collection. Figure 4.27 shows such a correlation when the plateau region 
of the electron cce has been normalised to the plateau in the current characteristic. 
Electron detrapping is therefore very likely to be the cause of both effects.
The mean carrier absorption distances for detectors from both MCP ingots and 
the Alenia detectors were calculated using equation (3.5) of section 3.2.3. The 
plateau charge collection efficiency for both carriers must be used, tha t is the electron 
cce before the onset of field-enhanced emission. The values of An and Xp were found 
through an iterative process where their values were changed by a small amount 
until agreement occurred between the measured values and those predicted by the 
equations. From these values the corresponding mip charge collection efficiencies 
were obtained with the use of equation (3.6). Table 4.2 reports the results.
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Detector
Material
Absorption distance ( f im)  
Electron Hole
Predicted Mip 
C C E (%)
MCP (M 5/224/UN) 2 0 0 . 6 704.7 82.4
MCP (M 2/295/UN) 130.5 337.2 73.3
Alenia 64 9870 72
Table 4.2: The mean carrier absorption distances measured for GaAs ingots and the
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Figure 4.28: The mip charge collection efficiencies as a function of bias for GaAs detectors 
of four thicknesses fabricated from MCP material. The key is: diamonds - 115 fim
(M5/224/UN); circles - 160 fim (M5/224/UN); triangles - 205 fim (M2/295/UN); squares - 
500 fim (M5/224/UN).
The calculation of the hole absorption distance in the Alenia material reached 
the upper bound allowed by the calculation code. The hole absorption distance will 
approach infinity for the complete charge collection observed. The predicted mip 
charge collection efficiencies of these detectors are compared to the measured values 
in the next section.
4 .4 .2  M in im u m  io n is in g  p a rtic le  re su lts
Figure 4.28 shows the mip charge collection efficiencies obtained for MCP detectors 
of four thicknesses. The detectors were the three of figure 4.24 and a fourth, 
fabricated in an identical fashion to the others, which was only 115 f im  thick. Again
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the cce of the detectors increased with decreasing detector thickness, as the physical 
thickness of the detector approached the mean absorption lengths of the carriers.
The actual charge deposited, however, has a linear dependence upon detector 
thickness (equal to 56 keV/100 f im).  Therefore even though the cce of the thickest 
device is only 64% at a bias of 650 V the charge collected is equivalent to 42560 
electrons. While the 115 f im  thick detector has a cce of 8 8 % at 150 V, (equivalent 
to 13460 electrons), the signal is only a third of the magnitude of the 500 f im  thick 
detector. At these operating voltages the leakage current of GaAs detectors was 
shown to be independent of detector thickness and thus a factor of three is gained in 
the signal-to-noise ratio for the thicker detector. A thickness of 200 f im  is proposed 
for the GaAs detectors in the ATLAS experiment due to the necessity to keep the 
amount of material in the inner detector to a minimum (see section 1.3.3). Therefore 
the increased signal-to-noise ratio of the thickest detector will not be utilised.
The mip cce as a function of bias shows a linear increase with bias which was 
expected due to the linear increase in the active region of the detector[43]. When 
the active region extends across the entire detector the increase in charge collection 
should stop. This is not seen in the figure because of detector breakdown at high 
bias.
Below full depletion Alenia detectors again showed similar charge collection 
characteristics to those obtained for Glasgow MCP detectors. Figure 4.29 shows 
a typical Alenia mip charge collection efficiency as a function of bias. The charge 
collection plateaued at 350V, which was close to the bias required for a significant 
alpha hole signal (300V). Therefore the high electric field had extended across the 
entire bulk of the detector and the device was fully active. The charge collection 
efficiency, however, did not remain constant for ever increasing values of bias. The 
reason for this is again the high field detrapping of electrons.
Mip cce’s calculated from the alpha data can be compared to those obtained 
from experiment at a bias value which must be chosen carefully. A low bias will 
give a low charge collection, due to the low extension of the active region, while a 
very high bias implies detrapping of electrons. The comparison is made in table 
4.3. The cce calculations for the detectors tha t were not ~200 f im  thick were made 
using the mean carrier absorption lengths calculated for the ^ 2 0 0  f im  thick detectors
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MCP (M 5/224/UN) 115 89 88±2.5
MCP (M 5/224/UN) 160 85 74±1.8
MCP (M 5/224/UN) 2 2 0 81 78±2.5
MCP (M 2/295/UN) 204 73 75±5.0
MCP (M 5/224/UN) 500 65 64±1.8
Alenia 2 0 0 72 74±3
Table 4.3: The measured and calculated MIP charge collection efficiencies for GaAs
detectors.
fabricated from the same ingot. This process was necessary due to the lack of hole 
cce data, which could not be obtained because of early detector breakdown.
The quoted error for the measured cce is the experimental error due to the 
uncertainty in the measurement of the peak in the Landau distribution. During 
the calculation of the mean absorption distance of the carriers it was assumed that 
all the charge from the alpha particle was deposited at a depth of 2 0  f im,  which is 
clearly not the case, tha t the velocity of the carriers across the detector was constant 
and the detector was fully active. An error is therefore present in the calculated cce 
due to the uncertainty of the absorption distances. However the agreement was
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Figure 4.30: The mip charge collection efficiency as a function of bias for a 205 fim thick 
MCP detector (M2/295/UN) measured at 20°C and -10°C. The key is: open diamonds - 
20°C; filled circles - -10°C.
satisfactory which demonstrated the accuracy of the calculated absorption lengths.
The difference between the measured and calculated mip cce for the 160 f im  thick 
detector was because the detector became noisy at high bias and therefore sufficient 
bias could not be applied to reach the plateau in the cce. The good agreement for 
the other MCP detectors implies tha t the detectors either reached, or were very 
close to, their mip cce plateau.
The agreement between the calculated and measured cce of the Alenia detector is 
very good. This was expected as the charge collections were seen to reach a constant 
value for both alpha and mip experiments.
The ATLAS inner detector will be operated at -10°C, however, all the charge 
collection measurements discussed so far have been carried out at 20°C. Investi­
gation of the effect tha t the lower temperature has on the charge collection was 
therefore performed. It was not possible to perform the alpha experiments at -10°C 
because the equipment was too large to fit in the environmental chamber used for 
temperature control. Therefore only mip charge collections were obtained. Figure 
4.30 shows the mip cce for a 205 f im  thick detector measured at both temperatures. 
A fall in charge collection efficiency at the lower temperature was observed for all 
bias voltages below that required for a fully active detector.
The reason for the reduced charge was a reduction in the emission rate of the EL2
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trap. It was shown in the theory chapter tha t the emission rate has a temperature 
dependence given by:
The emission rate equals 0.02Hz and 0.0004Hz for temperatures of 20°C and -10°C 
respectively. The low field electron capture cross-section, however, only falls by 25% 
over the same temperature range, while the high field cross-section in fact shows a 
very slight increase (see figure 2.16 in section 2.9.3). Because the charge signal is 
due to the movement of free carriers a reduction in the emission rate of the EL2 trap 
implies tha t a signal reduction will occur due to the loss of free carriers. For a bias 
of 180 V the two cce differed by 10% for the 205 f im  thick detector. The majority of 
the signal has been shown to be due to a fast pulse (25ns) caused by the movement 
of the carriers before trapping[23] which is the reason why a greater reduction in cce 
was not observed.
doped with either indium or chromium to form a semi-insulating substrate. Very 
pure epitaxial layers can also be grown on top of such substrates via many methods. 
Two of these many material options were investigated from a detector perspective.
4.5.1 Sem i-insulating Indium  doped GaAs
The high resistivity of SI-U GaAs is obtained through the over-compensation of the 
net shallow acceptors by the deep EL2 trap (see section 2.9.1). Compensation may 
also involve other deep traps. Chromium and indium form deep traps in GaAs and 
are used by industry to produce semi-insulating substrates.
Diodes were fabricated from a 500 f im thick semi-insulating indium doped GaAs 
wafer so tha t the electrical and charge collection properties could be obtained. Initial 
wafer surface preparation and contact metallisation were performed in a similar 
fashion to the fabrication of the semi-insulating detectors (section 3.1). The only 
difference in processing between the indium and the SI-U detector was tha t the 
longer anneal (described in section 4.1.2), and thus improved back contact, was
(4.37)
4.5 Other substrate materials
GaAs may be grown by a variety of methods (chapter 3 section 3.1.1) and can be
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Figure 4.31: The reverse current characteristic of two 500 f im  thick GaAs detectors
measured at 20°C. The key is: solid curve - indium doped; dashed curve - SI-U.
applied to the indium doped wafer. The radiation hardness of these detectors was 
tested together with the SI-U devices: the results are reported in chapter 5.
Figure 4.31 compares the current characteristics, at 20°C, of two 500 /mi thick 
detectors fabricated from the indium doped wafer and a SI-U wafer.
The leakage current of the indium doped detector showed a similar characteristic 
to the undoped device but with a plateau current of only 4.88 nA /m m 2 compared 
to 13.77 nA /m m 2. The current increased at a voltage comparable to tha t observed 
in previous detectors and must therefore be due to the high field region reaching the 
back contact. The diode did not break down as fast at higher voltages; an effect 
likely to be due to the annealed back contact rather than the change in substrate 
material. The similarity in the operational current characteristics of the two devices 
leads to the assumption that a similar field profile inside the two devices may also 
be present and thus a zero space charge region could exist. Investigations of the low 
voltage characteristics were not performed and no studies concerning the mapping 
of the electric field have been performed on such devices. The motivation of this 
particular study was to determine whether these diodes would work as detectors, 
and if so, were they more radiation hard than SI-U GaAs detectors.
Their performance as particle detectors was verified with the use of both mip and 
alpha experiments. The results are given in figure 4.32. Figure 4.32(b) compares 
the mip cce to that from a 500 f im thick SI-U detector.
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Figure 4.32: The charge collection efficiency of indium doped GaAs detectors for electrons 
and holes, determined from alpha particle and mip experiments.
It is clear that both detectors behaved similarly with respect to the collection 
of charge deposited by minimum ionising particles. The charge collection efficiency 
showed the same bias dependence, observed for all the SI-U detectors, with a linear 
rise which plateaued when the detector was fully active. The plateau was not 
observed for this undoped detector due to the nature of the back contact, but it 
is expected that the charge collection would not have increased significantly with 
bias, until field-enhanced detrapping occurred at a very high applied bias. The linear 
rise in cce again implies an increasing active region width with applied bias.
The results obtained from the alpha experiments showed tha t the high field 
region approached the back contact only for a bias in excess of 500V, in agreement 
with the IV curve and the SI-U detectors. The hole charge collection is again greater 
than the electron cce. The mean absorption distances obtained from these results 
are An = 53 f im  and Ap = 1204 f im.  The hole charge collection efficiency might 
have increased slightly if a higher bias could have been applied to the device and 
therefore the hole absorption distance is a lower limit. The electron absorption 
distance is significantly lower than that measured for the MCP material, but the 
collection of holes was much better, which is the reason why similar mip cces were 
obtained. For this detector the predicted charge collection efficiency for mips is 53% 
which is less than the 60% observed experimentally. The difference may be due to
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an underestimation of the hole absorption distance.
The electrical behaviour of the semi-insulating indium doped GaAs detectors 
was similar to the SI-U devices. The charge collection showed tha t the mean carrier 
absorption distances differed between the SI-U and the indium doped material but 
for each material the hole absorption distance was the greater. However, the charge 
collection for mips as a function of bias was very similar in both dependency and 
magnitude. Indium doped GaAs detectors therefore work and the predicted mip cce 
for a 200 j im  thick detector is 67%.
4.5.2 V P E  m aterial
Thick epitaxial layers of GaAs have been grown using low pressure vapour phase 
epitaxy techniques [33]. Such wafers have been processed at Glasgow University to 
investigate their possible application as X-ray detectors [34]. The results reported 
here include the electrical characterisation and the detector performance determined 
as for the semi-insulating material.
The epitaxial layer was grown on top of a 450 fim thick, heavily doped LEC 
substrate. The substrate, doped with silicon at a concentration of order 1018 cm-3 , 
produced an n+ back contact to the epitaxial layer. The epitaxial layer had a non- 
uniform thickness with a definite gradient across the wafer. A maximum thickness of 
239 / im which reduced to 125 f im  was measured. Due to the non-uniform profile of 
the layer, mechanical lapping (chapter 3 section 3.1.2) was not utilised and only the 
chemical polishing stage was performed to remove surface defects. Before polishing 
the original surface quality was very poor. The chemical polishing removed 30 jum 
of the epitaxial surface and left an improved surface quality, however the gradient 
in epitaxial layer thickness was still present.
Contact fabrication was performed in exactly the same fashion as tha t used for 
the SI-U diodes to produce simple pad diodes. However, due to the large thickness 
gradient the mask was unable to make a perfect contact with the upper surface and 
caused the pad and guard ring on the Schottky side to short together.
The reverse current characteristics of an epitaxial diode and a 200 f im  thick 
SI-U LEC diode are shown in figure 4.33. While the epitaxial diode did not 
have a plateau in the current characteristic, the leakage current of this diode was
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Figure 4.33: The reverse current characteristics of a VPE GaAs diode and a 200 fim thick 
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Figure 4.34: The forward and reverse current characteristics of the VPE diode epi-8
measured at 300K. The key is: solid curve - reverse; dashed curve - forward.
less than the typical SI-U LEC GaAs diode. At a bias of 100V the current was
3.1 nA /m m 2 compared to 16.33 nA /m m 2 for the SI-U device. At 160V the currents 
were 4.96 nA /m m 2 and 16.65 nA /m m 2 for the VPE and LEC diodes respectively.
The current-voltage characteristic of the VPE diode was investigated further 
using the ideas developed in the theory chapter. The forward and reverse current 
characteristics, after correcting for the offset voltages as discussed in section 4.1.1, 
are shown in figure 4.34 for the diode epi-8 .
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The barrier height for this device can be found from the current dependence by 
a number of methods.
The first was to examine the very low voltage section of the dependence. If 
thermionic-emission is assumed, the expression for forward and reverse characteris­
tics simplifies to equation (4.1). The gradient (m) of the forward and reverse bias 
dependences should therefore be equal and the I-V curve should pass through the 
origin. Substituting for the saturation current of equation (2.82) gives:
<t>b = - kA I  in ' k s T  1 m
q A**T2 5e. (4.38)
which allows the barrier height to be determined. The active area of the diode (^e) 
was 7rx  0.2012 cm2. The gradients of the forward and reverse bias curves, for a 
voltage from 0.00014 to 0.001V, and the calculated barrier heights, for the diode 
epi-8 , were:
Forward: m = 1.2246 x 10- 7  A / V  —> (f>b = 0.805 V
Reverse: m = 1.2143 X  10- 7  A / V  —» 4>b = 0.805 V  (4.39)
The dependence upon the value of A ** chosen is not critical, with a factor of 10 
increase in A** altering the barrier height by only 7%. The barrier height determined 
from both the forward and reverse sections of the curve were equal.
The second method used to determine the barrier height involves the forward 
bias current dependency shown in figure 4.35. W ith reference to equation (2.82), 
the extrapolation of the log of the current density at zero voltage is the saturation 
current J s and the barrier height is:
*-¥■>(*?)
From the dependency shown, the extrapolated value of the current was 2.373 nA, 
or 1.870 x 10- 8  Acm-2 . From this value of J s at 300K a barrier height of 0.81 V 
was found. Again the value is insensitive to the exact value of A** used.
These two methods are similar and have relied on the value of the active area 
of the diode. This can be different from the actual area of the metallized region. 
For a poorly cleaned or incompletely reacted surface the electrically active area may
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Figure 4.35: The forward current characteristic of a VPE GaAs diode measured at a 
temperature of 300K.
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Figure 4.36: The activation energy plot for determination of the barrier height for the 
VPE diode epi-8 under a forward bias of 0.1V.
only be a small fraction of the geometrical area, whereas for a strong metallurgical 
reaction the active area may be larger than the apparent area. The active area is 
therefore not known precisely.
Barrier heights may be found by utilising the dependence of the forward leakage 
current on the measurement temperature as shown in section 4.1.1 for the LEC SI-U 
diode. An activation energy plot is shown in figure 4.36 for the VPE diode epi-8  
under a forward bias of 0.1V. The gradient equals —8.69 ±0.06, from which a barrier 
height of 0.848 ±  0.005 V was determined. From the intercept of the curve with the
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Figure 4.37: The current characteristics of the VPE diode epi-8  measured at 300K and 
theoretical predictions of the reverse current. The key is shown on the figure.
y-axis the product of the Richardson constant and the electrically active area can 
be found. A value of 1.02 AK - 2  was obtained for this diode.
This product was required for the barrier height determination for the first two 
methods. Substituting this value into equation (4.38) gave for the first method a 
barrier height of 0.803V while a new barrier height of 0.810V was obtained from 
method two. The difference between the barrier height found from the activation 
method and the average of those found from the IV characteristics was only 5.5%.
Figure 4.34 illustrates that the reverse current of this diode did not saturate. 
Section 2.6.5 discussed several reasons why such an non-ideal behaviour may occur. 
The current characteristics are plotted again in figure 4.37 with the expected ideal 
reverse characteristic and the theoretical predictions for two sources of barrier 
lowering, for a barrier height of 0.81V.
The ideal reverse characteristic is denoted as J s(e xp (q V  /  k T )  — 1) in the key and 
shows no increase with bias for voltages above S k s T / q , contrary to observation.
Barrier lowering can occur due to image force lowering (see section 2.5.4) which 
results in an increase in current with reverse bias. The barrier is lowered through 
this process by:
(4.41)
and therefore to calculate this effect the net donor density of the material must
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be known. The free carrier density of a Schottky junction can be found from the 
capacitance as a function of reverse bias (see section 2.8). Such a method was 
employed and is discussed after the current characteristics. A value for the free 
carrier density was found to be 2 .8  ± 0 .2 x 1 0 14 cm- 3  and assumed to equal the 
net donor density of the material. The donor density is also required to determine 
Vn with equation (2.38). The image force lowering for this barrier of 0.81 eV at a 
temperature of 300K was therefore:
A<f>bi =  9.34 x 10~ 9 (0.59 +  Vr ) 4 (4.42)
where Vr is the absolute value of the reverse bias. The increase in the reverse current 
through this process is insufficient to account for the observed current (see figure 
4.37).
A second process tha t reduces the barrier height, discussed in section 2.6.5, is 
that due to the effect of an interfacial layer. The barrier lowering is proportional to 
the maximum electric field at the barrier which has a dependence upon the applied 
bias. Barrier lowering due to this process is:
A4>bi = a  2 ( ^ b - V n -  ^  + Vry  = a  x 8800 x (0.59 +  Vr )* (4.43)
where a  is usually of the order 1 0 A. Included in figure 4.37 is the calculated current 
due to this effect, labelled as an additional effect due to surface states. Again 
the measured current is greater than theory. The barrier lowering by the two 
above processes did not correctly reproduce the shape of the measured current 
characteristic.
A third source of leakage current discussed in chapter 2 is due to generation 
processes (see section 2.6.5 equation (2.99)). Generation current will only become 
significant for diodes with high barriers, such as that found for this diode. The shape 
of the IV curve is also significantly different, with a current dependency given by:
Jgen =  ^  OC (V io +  Vr )5  (4 .4 4 )
ZTr
The ideal thermionic current and the best fit found for the generation current with 
the thermionic current added in series (labelled as Jgen +  J s (e x p ( q V / k T )  — 1)) are 
shown in figure 4.38 up to a reverse bias of 10V. The fit was performed between 0 and
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Figure 4.38: Current fits to the reverse current characteristic of the VPE diode epi-8 fitted 
for an applied bias between 9.5 x 10“ 2 and 9.5 V.
10V with the value of V^ o fixed to tha t obtained from experiment while the power 
and the constant of proportionality were free parameters. Values of 0.53 ± 0.02 and 
0 .6 6  ±  0 .0 2  were obtained for the power and the constant respectively, consistent 
with the assumption of generation current.
The activation energy of this section of the reverse bias IV characteristics was 
found by measuring the current (I) as a function of tem perature (T) with an applied 
reverse bias of 10 V. The current was assumed to be generation current and thus 
a plot of ln (I/T 2) against 1 /T  gives a straight line with the gradient equal to the 
activation energy (E a )• The result is shown in figure 4.39 and a value of E a  = 
0.73 ± 0.02 eV was obtained. This is equal, within errors, to the expected value of 
Eg / 2  =  0.71 eV for generation current in pure GaAs.
For a reverse bias greater than 11 V the shape of the current characteristic 
changed for reasons not fully understood. The pad diode did not have a guard ring 
and excess current due to edge effects is expected. Such edge currents are described 
as the dominant effect by Sze[l] for most practical devices without guard structures. 
Devices with guard rings and/or different diode diameters were not available and 
therefore systematic studies of this effect could not be made.
In contrast to the LEC SI-U material, the epitaxial layer was grown in an 
environment designed to minimise the production of the EL2 defect. Therefore the
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Figure 4.39: Activation energy plot for the VPE diode epi-8  performed for a reverse bias
capacitance characteristic can be understood from simple theory. Two capacitance 
measurements were performed, one with a test signal of 100Hz and the other with 
a signal of 100kHz. The results obtained from the two test signals showed only a 
slight difference in the capacitance as a function of bias confirming the assumption 
of a low concentration of deep levels. From the CV curve the free carrier density 
in the material was found, which is equal to the donor density if the dopants are 
shallow (see section 2 .8 ).
The graph of 1/C 2 against V for voltages below 20V had a gradient of 2.4 X  10- 6  
pF - 2V - 1  at 100kHz which gave an effective doping density of 2.8 X  1014 cm - 3  for 
the diode geometry used. Capacitance measurements should be performed on diodes 
which have a reverse current of only a few nA /m m - 2  to prevent a significant voltage 
drop across the bulk of the diode. Figure 4.40(a) shows the calculated doping density 
and the reverse current as a function of bias. The variation in the doping density 
with reverse bias is only of the order 10% and is not thought to be significant. The 
accuracy of the measurement depends upon the electrically active area (S e) of the 
device because:
This area is not known to the accuracy of the physical measurement of the device 
due to the effects mentioned above and an error of at least 1 0 % can be expected in 
the measurement of N p .
of 10V.
(4.45)
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(a) Applied bias. (b) Depletion depth.
Figure 4.40: Results obtained from CV measurements on a VPE GaAs Ti/Pd/Au barrier 
as a function of applied bias and depletion depth. The key is: dots - doping density; curve 
- current density.
From the expression for the capacitance of a reverse-biased Schottky barrier the 
depletion depth of the barrier can be found (equation (2.48), section 2.5.2). The 
calculated doping density and the measured reverse current are shown as a function 
of the calculated depletion depth in figure 4.40(b). The current shows a linear 
increase with depletion depth up to 8  fim (corresponding to a bias less than 10V) 
which again suggests that it is due to generation rather than thermionic processes.
The depletion depth of the barrier as a function of bias is shown up to the break 
down bias of 180 V for the VPE diode epi-8  in figure 4.41. The detector was only 
depleted by 22.3 f im  at 100V and 27.4 f im  at 150V due to the high value of the free 
carrier density. It should be noted tha t no correction has been applied to the data 
to account for any voltage drop across the diode bulk due to the significant current 
at these high voltages. The small extension of the depletion width with bias has 
implications for the use of such devices as particle detectors.
If the detectors demonstrated a charge collection efficiency of 100% then a signal 
of 3644 electrons would be detected at a bias of 150 V from the passage of a mip. 
The leakage current (Idet) at this bias was 200 nA. If the detector was read out by 
an amplifier with CR-RC shaping, with equal differentiation and integration time 
constants, and a peaking time (r)  of 500 ns, an equivalent noise charge (Qi) ,  due to 
the leakage current of:
Qi = - y / 2  X 0.924# x IdetT (4.46)
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Figure 4.41: The dependence of the depletion width on applied bias.
is expected. Therefore the signal-to-noise ratio for a mip will equal 3.4. The 
experimental noise was also increased by the addition of pre-amplifier and load 
capacitance noise and a distinguishable signal was not obtainable.
The charge collection from an alpha particle was also affected. No hole signal 
could be obtained due to the 450 f im  thick substrate. The 241 Am alpha source used 
had a thin absorption layer in front of the source which reduced the average energy of 
the alpha particles. The energy was measured with an over depleted silicon detector 
to be 4.1 MeV. These deposit their energy, according to the Bragg equation, within 
the first 13 f im  of the GaAs material. However, due to the small extension of the 
depletion width it is no longer true to say that the signal from this detector is mainly 
due to the motion of one carrier. Also as the energy deposition is non-uniform, with 
a larger fraction occurring at the end of the alpha particle path, the alpha signal is 
not equally dependent upon both carriers.
The charge collection efficiencies obtained for alpha particles incident upon the 
front of two VPE detectors are shown in figure 4.42(a) as a function of bias and 
in figure 4.42(b) as a function of depletion width. The measured charge collection 
efficiency was very high, even at a bias of 20V. The charge collection showed the 
expected increase due to the increase in depletion width. For the diode epi-5 a cce 
of 100% was obtained for a depletion width between 10 f im  and 15 f im  as expected 
from the alpha particle range in GaAs. However, at zero applied bias the depletion
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Figure 4.42: The charge collection efficiency obtained from alpha particles incident upon 
the front contact of a VPE GaAs Schottky detector.
width was only 2 but a signal of 65% was obtained. Therefore diffusion or drift 
of charge into the depletion region must occur.
The charge collection efficiency from the absorption of a gamma photon was 
also obtained. The experimental apparatus was the same as tha t for the alpha 
experiments except that the measurement was not performed under vacuum. An 
encapsulated 241 Am source, which produces 60keV 7  photons tha t interact in the 
material to give a 60keV photo peak, was used. The charge collection from such 
a source does not depend upon detector thickness as long as the liberated electron 
does not escape from the depletion region. For the diode epi-5 a cce of 93±17% was 
obtained at a bias of -50 V increasing to 97±17% at -200 V. The large error arose 
due to the large leakage current of the diode. Noise limitations prevented results 
from the diode epi-8  being obtained.
The VPE material tested behaved according to simple theory, tha t is without 
the presence of a significant concentration of deep traps. The donor concentration 
was obtained via CV analysis of the material to be 2.8 ± 0 .2X 1014 cm-3 . This 
high value prevented the extension of the depletion region beyond 30 f im  before 
breakdown occurred, due to the high bias required (>200 V). Charge collection 
experiments were limited due to the small depletion region. However, the charge 
collection efficiencies obtained from alpha particles and 60keV gammas were close 
to 100%. The material could be very promising for detector development if the
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free carrier concentration can be reduced. Radiation tests were performed on four 
samples with the results reported in the next section.
C hapter 5
Radiation Studies
The primary motivation for the development of GaAs position sensitive detectors 
for the ATLAS project is the requirement for radiation hard devices. The radiation 
environment at the experiment has been discussed in chapter 1 where it was 
stated tha t, at full luminosity ( 1 0 34/cm 2 /s), the major particular radiation fluxes 
in the ATLAS detector at the proposed GaAs positions in the forward tracker 
are expected to be: pions ~  3 X  1013 /cm 2 /year, neutrons with a flux between
0.5 — 1.0 x 1013 /cm 2/year and protons and kaons both ~  0.3 x 1013 /cm 2 /year.
GaAs detector performance was therefore studied after high fluences of neutron, 
proton and pion radiation. This chapter discusses the theory of radiation damage, 
the experimental procedure used to perform the irradiations, and the post-irradiation 
detector characteristics.
5.1 Theory
The effect tha t radiation has on the operation of a particular device depends upon 
the energy and type of the radiation, the material from which the device is made 
and the semiconductor characteristics upon which the device depends for successful 
operation. The interactions of the incident radiation in the material usually produce 
four types of effect:
• Transient ionisation effects
When a high energy particle passes through m atter it will create electron-hole 
pairs. These are used to detect the passage of such particles and are therefore
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necessary for position sensitive detectors.
• Long-term ionisation effects
Where the mobilities of the charge carriers differ greatly, the production of ion­
isation can cause long term effects. This effect will occur more predominantly 
at semiconductor-insulator interfaces due to the large difference between the 
carrier mobilities of the materials. The mobile carriers in the semiconductor 
will be removed, resulting in a fixed charge in the insulator of the device 
(usually an oxide). The charge will increase with fluence, leading to changes 
in the electrical characteristics of the device. This is the cause of the radiation 
sensitivity of MOS devices due to their semiconductor-oxide interface.
• Nuclear transmutations
For some semiconductors the incident radiation will cause nuclear reactions in 
the m aterial which can result in significant isotope doping of the device. These 
dopant isotopes may form both shallow and deep levels in the material.
• Displacement effects
The displacement of atoms from their normal lattice sites, via interatomic 
collisions, produces a less ordered crystal structure and long-lived changes to 
the device.
For GaAs detectors the first effect, used as the source of signal production, is non­
damaging. The second is insignificant because the detection process is dependent 
upon bulk properties, rather than processes at the surface and, while the increase 
in surface charge can reduce the interstrip capacitance of microstrip detectors[53], 
understanding this effect was not the aim of this work. It is the latter two that cause 
significant radiation-induced effects in bulk semiconductor detectors.
The production of a room temperature thermally stable displacement effect can 
be divided into four stages:
1. The first is the primary interaction between the irradiating particle and a 
lattice atom. If the incoming particle has sufficient energy the lattice atom will 
be knocked out of its normal lattice position, creating the primary knock-on 
atom (PKA). The energy required to remove an atom from its lattice site, the
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Wigner energy, is of order 10 eV for GaAs[54]. The maximum non-relativistic 
energy transfer (E ^ - m a x ) between the energetic particle, of mass m  and energy 
E ,  and the lattice atom (mass m/) is:
E T-max =  4 T 1' V E  (5*1)(m + m \ Y
Therefore for GaAs an electron requires an energy ~  300 keV to displace a 
lattice atom, while a neutron only needs an energy of order 200 eV. That is, the 
higher the mass of the energetic particle the lower the kinetic energy required 
to cause lattice displacements. Below the Wigner energy the energetic particle 
only causes lattice excitations and ionisation.
For very high energy interactions the lattice atom can fragment and the PKAs 
are made up of several smaller particles which now have lower mass.
2. If the fragments of the target atom have sufficient energy they move through 
the lattice and displace additional atoms. A cascade results. As the PKA 
interacts it loses energy and its mean free path is reduced, resulting in a 
higher density of lattice defects at the end of the path. When the mean free 
path of a recoil atom is less than the range of the lattice distortion then a 
terminal cluster is formed. Here strong mutual interactions occur among the 
large number of displacement defects. The structure of a cascade of displaced 
atoms due to an initial PKA can be calculated[55]. The im portant aspects are 
illustrated in figure 5.1.
The number of primary displaced lattice atoms is proportional to the non­
ionising energy loss (NIEL) of the incident particle. The NIEL of a particle 
depends on both the incident particle and the target material.
3. Due to the therm al motion of defects they can anneal even at room temper­
ature. The amount of annealing depends on the defect type and thus can 
depend on impurities present prior to irradiation, as well as the type and 
energy of the incident particle and the irradiated material. In silicon, room 
tem perature annealing reduces the number of electrically active defects to 2% 
of the theoretically calculated unannealed displacements[56]. Similar effects 
are expected in GaAs.





Figure 5.1: An illustration of a typical recoil-atom track produced in a semiconductor 
device.
4. The thermally stable defects influence the properties of the material and thus 
the device operation. A defect formed from a displaced atom situated between 
lattice sites is an interstitial defect and the space created in the lattice is known 
as a vacancy. Most defects will be electrically active and form generation- 
recombination centres.
Thermally stable radiation-induced generation centres degrade the performance of 
semiconductor detectors. An increase in the generation current of the reverse-biased 
detector leads to an increase in electrical noise and power dissipation which, for high 
currents, causes detector heating. Leakage current increase is one of the most serious 
radiation effects for silicon detectors[57, 58].
For an operational detector the defects act as trapping centres and reduce the 
free carrier absorption length. If the de-trapping time of the defect is greater than 
the collection time of the read-out electronics, signal reduction will occur and the 
charge collection efficiency of the detector falls.
An increase in the output pulse width may occur[59] due to de-trapping within 
the amplifier shaping time, or due to a reduction in the mobility because of an 
increase in carrier scattering or change in electric field distribution in the detector.
The compensation in the detector will also be altered. The defects created in 
the terminal clusters are close together and cause a significant space charge region,
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which will alter the electric field inside a device. A large percentage of all the defects 
will carry charge and therefore change the effective doping of the material. For a 
fluence ~  1013 (IM eV) n/cm 2 silicon undergoes type inversion[60] and the rectifying 
junction in a p-n detector changes side: p+nn+ —>• p+pn+ . This has im portant 
consequences with respect to the fabrication of microstrip detectors.
Another im portant effect of radiation damage on the operation of a silicon 
detector follows from the increase in doping concentration with fluence and thus 
irradiation time. The higher the doping concentration the higher the bias required 
to deplete the device fully. After a large dose, this could become unacceptable for 
operation in the ATLAS inner detector. If the detector is not fully depleted signal 
loss will occur due to incomplete carrier collection. This is therefore a m ajor concern 
for successful operation of silicon detectors at ATLAS.
The number of displaced atoms, which depends upon the type of incident particle 
and its energy, can be calculated. Limited calculations have been performed for 
GaAs. However, predictions of the macroscopic changes to device parameters 
from the microscopic deformations are not well understood and experimentation 
is therefore required. Scaling rules have been developed so that the macroscopic 
effect of one type of irradiation of a known energy and fluence on a given material 
can be compared with other energies and fluences for tha t and other particle types. 
For electronic components made from GaAs the observed radiation damage has been 
shown to be proportional to the NIEL[61]. The NIEL of a particle is given by the 
Lindhard curve[62], shown in figure 5.2 for a PKA in silicon and GaAs. It can be seen 
that the higher the kinetic energy of the incident particle the lower the probability 
of energy loss through NIEL. Due to the higher effective mass of the ‘GaAs’ ion the 
Lindhard curve for GaAs is shifted to higher energies and therefore a PKA of the 
same kinetic energy will undergo more NIEL.
The NIEL stopping power is dependent upon the Lindhard curve and the differen­
tial cross-section to produce a recoil fragment with a given energy and atomic weight. 
Calculations of this cross-section are very complex and detailed modelling requires 
a detailed understanding of the nuclear physics of the entire interaction process. 
Detailed theoretical calculations have been performed for silicon[63, 64, 65, 6 6 ]. 
For GaAs, however, only neutron[63, 64] interactions up to 10 MeV and proton[61]
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Figure 5.2: Total fraction of energy appearing as ionisation energy, due to interactions 
with atomic electrons, for ‘GaAs’ ions in GaAs and Si ions in Si, calculated according to the 
Lindhard formulae. The curves are labelled on the figure.
interactions with an energy less than 1 GeV have been calculated. Extrapolations 
from the silicon and GaAs NIEL curves were performed[67] to estimate the NIEL in 
GaAs for protons and pions up to an energy of 30 GeV. This allowed a correlation 
to be made between the measured macroscopic detector effects, (cce and reverse 
leakage current), and the incident radiation damage. Figure 5.3(a) shows two NIEL 
calculations for neutrons in silicon and GaAs. The difference between the two GaAs 
calculations for a IMeV neutron is 14%. Figure 5.3(b) compares the results of the 
extrapolations for GaAs and the calculations of the NIEL stopping power in silicon 
as a function of kinetic energy for both protons and pions. It should be noted that 
earlier correlations of NIEL with degradation in device performance have been shown 
only for electronic components where a very limited fraction of the bulk is required 
for device operation. Therefore it is not necessarily true th a t for GaAs detectors, 
where the total substrate thickness is of importance, the same device correlations 
will be obtained.
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Figure 5.3: Calculations of the NIEL stopping power. The y-axis is the NIEL stopping 
power in units of keVgm~1cm2.
5.2 Experim ental procedure
The detectors have been exposed to three types of radiation. The neutrons used, 
from the ISIS machine at R.A.L.[6 8 ] had an energy spectrum, shown in figure 5.4, 
with a high energy section centred at approximately IMeV. Those with an energy 
below lOkeV are low energy, background neutrons and are non-damaging. Protons 
with a momentum of 24 GeV/c, from the PS beam at C.E.R.N.[69] and pions with 
a momentum of 300 MeV/c, from the PSI beam, Villigen[70], were used to irradiate 
the detectors with high energy charged hadrons.
The ISIS neutrons were produced by the collision of the 800 MeV proton beam 
with a graphite/copper collector. The neutron flux followed a 1 /R 2 law which 
allowed the dose rate to be varied by altering the distance of the samples from 
the collector. For the charged hadron irradiations the samples were placed in the 
most intense part of the hadron beam. A typical proton beam profile, shown in 
figure 5.5, was obtained by exposing a large pure aluminium foil, for a short period 
of time, to the beam. The foil was placed on top of a gamma sensitive film whose










0 .0 0 0 1  0 .0 0 1  0 .0 1 0.1 1 10 100
Neutron Energy { MeV }












F ig u re  5.5: A typical proton beam profile, measured as a relative intensity.
exposure correlated to  the  initial beam  intensity. T he  beam  profiles actually  used 
for the irradiations varied greatly and  were not under the  control of the  user.
T he  detectors  used th roughout were the simple circular pad diodes with double 
sided guard  rings, described in previous chapters. T he  diodes were m ounted  
on and bonded to PC B  m ounts for ease. These were held between two layers
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F ig u re  5.6: The experimental arrangement used for the irradiations.
of card and placed in a s tandard  slide holder, which was positioned above the 
g rap h ite /co p p er  collector in the  neutron  irradia tion  and along the  beam  line for 
the hadron experim ents, i llustrated in figure 5.6.
T he foil ac tivation technique[71] was used, to  calculate the dose. T he  foils were 
cut to the size of the active area  of the detectors and positioned in the slide holder 
directly in front of and behind the detectors. In the pion beam, foils were interleaved 
with the samples due to the divergence of the beam  along the  length of the  slide 
holder. Cobalt-59 and ind ium -115 foils were used for the  neu tron  irradia tions. 
Cobalt was chosen since it has four useful reactions with long half-life p roduc ts  
th a t  have energy thresholds covering the interesting par t  of the  neu tron  spec trum , 
while the indium reaction covered the IM eV to  lOMeV neu tron  energy range. T he 
reaction cross-sections for cobalt and indium are shown in figure 5.7. High purity  
alum inium  foils were used for the hadron  irradiations.
T he  activity  of a foil was measured with a Ge(Li) g am m a spec trom eter.  T he 
acquisition was s topped when a  2a error of less th an  6% was achieved. T h e  measured 
activity, A m, was determ ined from the  num ber of counts in the  peak ( N c) in a 
counting time tc with:
A m = p -  (5.2)
t crj€
where r/ is the emission probability of the g am m a from the d au g h te r  isotope with a 
detection efficiency of e in the spectrometer.
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Figure 5.7: The neutron cross-sections for the cobalt and indium reactions. The key is 
shown on the figure.
The fluence on the foils, and thus the detectors, was then determined. The 
activity of the irradiated foil is given by:
A  = A qo [1 -  exp (-Ai*)] (5.3)
Aoo = (f>crN0 (5.4)
where A ^  is the saturation activity, (p the particle flux, a  the activation cross-
section and No = N a P M / W  is the number of atoms in the foil. N a  is Avogadro’s
constant, P  the isotopic abundance («100%), M  the mass of the foil and W  the
atomic mass of the target atom. The exponential factor corrects for decays of the
daughter atom during the irradiation time t^, where A = ln 2 / t i  and 11_ is the half-
2 2
life of the daughter atom. As the activity was measured an elapsed time (t e) after 
the irradiation period for a counting time t c the corrections (5.5) and (5.6) were 
required to account for the decays in the two periods respectively.
exp ( — At e) (5-5)
A m Xtc [l -  ex p (-A fc)] (5.6)
The saturation activity is therefore:
A - A  \ t   exp (Xte)___________
”  -  _  exp (_ Atc)] (1 _  exp ( _ Ai>)]} 1° - ' j
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which leads to an expression for the flux of:
± W  exp (At e)
0  =  N a P M g [1 -  exp (-A fc)] [1 -  exp (-At,-)]  ^ '
The fluence ($ ) is simply:
$  =  (f>U (5.9)
The irradiation time does not take into account periods when the beam was off. 
However, in practice, these were short in comparison to the total irradiation time 
and the half-life of the daughter products and therefore no corrections were made.
Figure 5.6 shows an extended ionisation chamber in front of the detectors for the 
proton/pion irradiations. The chamber was calibrated to the fluence measured on an 
aluminium foil to provide a real-time estimate of the flux actually on the detectors.
Most of the irradiations were performed at room tem perature («27°C) except 
for one set of proton irradiations which were situated in a constant flow of cold dry 
nitrogen gas inside a thermally insulated box. The atmospheric tem perature inside 
the box was maintained at —6±4°C  throughout the irradiation period except during 
the period when the nitrogen supply was replaced. This took up to one hour during 
which the air temperature rose to a maximum of 10 ±  10°C for a short period of 
time. After the irradiation the detectors were transfered to a refrigerator at — 5°C 
for storage and testing. The detectors remained at room tem perature for a period of 
two hours during the process of removal from the beam area and transportation into 
storage. Irradiations were carried out at — 10°C because it is proposed to operate the 
inner detector of the ATLAS experiment at this temperature to prevent detrimental 
room temperature annealing effects in the silicon detectors, and therefore the effects 
of low temperature irradiations on GaAs detectors were required.
For the room temperature pion and proton irradiations the leakage current and 
charge collection efficiency of a given detector were obtained as a function of fluence. 
This was achieved by removing the detector during the irradiation period, testing, 
and replacing it. This was repeated at several fluences for several detectors.
Most of the irradiated detectors were Glasgow devices fabricated from MCP LEC 
SI-U GaAs. A few SI-U Alenia detectors were also tested. Two detectors fabricated 
from semi-insulating indium-doped, (SI-In doped), LEC material and four from the 
VPE wafer were exposed to a proton fluence.
CHAPTER 5. RADIATION STUDIES 156
The radiation effects were analysed with respect to the reverse current and charge 
collection characteristics of the detectors. The results, for all three radiation types 
are contained in the next two sections while section 5.5 compares the characteristics 
of the detectors irradiated at room temperature and at -6 °C. The effects of room 
temperature and elevated tem perature annealing of the devices were investigated 
with respect to the macroscopic detector characteristics; these results are reported in 
section 5.6. The chapter closes with the results of limited irradiation tests performed 
on detectors fabricated from the other substrate materials discussed in section 4.5.
5.3 Current characteristics
The changes in the current characteristics were observed to depend on the radiation 
type. However, the low voltage analysis of section 4.1.1 was only performed for three 
fluences of 24 GeV/c proton radiation. The operational high voltage characteristic 
sub-section compares the results of irradiation by all three particle types.
5.3.1 Low voltage characteristics
The current characteristics of three SI-U GaAs diodes fabricated from the same 
wafer, after proton fluences of 0.0, 4.5 X 1013 and 13.5 X 1013 /cm 2, are shown 
in figure 5.8. All the low voltage (< 0.1 V) characteristics had a similar shape 
and therefore the contact and bulk characterisation technique of section 4.1.1 was 
applied. Measurements were made for each diode over the low tem perature region 
( 1 0  40°C) and the effective resistances of the barrier { R ef f )  and bulk (Rbulk) were
found. From these values the contact resistance and the bulk resistivity (pbulk) 
were determined. Table 5.1 reports the results obtained for the three diodes at 20°C. 
The quoted errors in Rbulk were determined, as before, from the ‘one sigma’ variation 
in the experimentally determined offset voltages. The accuracy of the fits performed 
to the I-V characteristics of the irradiated detector decreased with increasing fluence, 
which implied a reduced accuracy in the Schottky theory to describe the diode.
The bulk resistivity of the detector increased with fluence, as illustrated in 
figure 5.9. The resistivity of the material at 20°C was found to increase from 
64 ±  7 x 106 Hem for the pre-irradiated device to 97 ±  4 x 106 Hem at the maximum
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Figure 5.8: The current characteristics of SI-U GaAs diodes as a function of 24 GeV/c 
proton fluence, measured at 20°C. The key is: solid - 0.0 cm-2 ; dashed - 4.5 x 1013 cm-2 ; 
dotted line - 13.5 x 1013 cm-2 .
Fluence R e f f Rbulk Rbulk—max Rbulk—min R<t> Pbulk
1013cm-2 MO M O MO MO, M O MS7cm
0.0 138.6 16.60 18.56 14.68 122.0 64.1
4.5 55.5 20.0 21.4 19.2 35.5 77.3
13.5 48.9 25.2 26.9 24.1 23.7 97.3
Table 5.1: The measured diode resistances at 20°C as a function of 24 GeV/c proton 
fluence.
fluence. The increase in resisitivity implies an decrease in the conductivity. The 
bulk conductivity of a material is proportional to the product of the number density 
of free carriers and their mobility; therefore the free electron density of the material 
was reduced with fluence. The mobility will also be reduced due to the increase 
in scattering centres introduced by the irradiation. A reduction in the free carrier 
concentration occurs due to the radiation-induced increase in the number of deep 
level defects which act as electron traps in the material.
The activation energy ( E a )  of the bulk conductivity was determined from the 
measured values of Rbulk-  Again the mobility temperature dependence of fin <x T ~ 2 
was assumed for the experimental temperature range. A plot of ln(cr /T)  against 
1 /T  will therefore have a gradient equal to Table 5.2 lists the activation
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Figure 5.9: The variation of the bulk resistivity of a SI-U GaAs diode as a function of 
24 GeV/c proton fluence, measured at 20°C. The curve is just to guide the eye.
Fluence E a 4>b
1013cm-2 (eV) (V)
0.0 0.78 ±0 .04 0.92 ±0.02
4.5 0.79 ±0.01 0.83 ±0.02
13.5 0.747 ±0.005 0.78 ±0.01
Table 5.2: The measured bulk activation energies and barrier heights at 20°C as a function 
of 24 GeV/c proton fluence.
energies found at 20°C for each fluence. The value of E a  changed slightly with 
increasing fluence and approached the energy of the EL2 defect level of 0.75 ±0.1 eV. 
The radiation-induced defects are therefore deep, as expected from the reduction 
in free carrier density, and close in energy to the EL2 defect. Radiation-induced 
production of an arsenic antisite defect has been reported[72, 73] and it is suggested 
that this defect was also created by exposure to the high energy protons. The arsenic 
antisite defect forms the core of the EL2 defect, see section 2.9, and therefore similar 
activation energies were found.
The contact resistance was reduced with fluence from 122 ±  2 x 106 0  to 24 ± 2 x 
106 0 , at 20°C. From the tem perature variation of the contact resistance the barrier 
height (0b) was found, see section 4.1.1 for details. The activation plots for the three 
diodes are shown in figure 5.10 and table 5.2 reports the determined barrier heights. 
The dramatic reduction in the barrier height, and thus the low voltage effective
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Figure 5.10: The activation plots to determine the barrier heights of LEC SI-U GaAs 
diodes from the contact conductivity for three 24 GeV/c proton fluences.
resistance of the device, explains the large increase in current with fluence.
The reduction in the barrier height is proposed to be due to an increase in the 
ohmic nature of the barrier. Standard LEC SI-U GaAs has been shown to be far from 
a perfect crystal. The surface dislocation density of typical LEC material has been 
measured to be ~  1 x 105 cm-2 [74]. The dislocations at the surface are suggested to 
be part of a bulk dislocation network[75]. Such a model suggests tha t the material 
consists of many ordered micro-volumes surrounded by dislocation paths. Therefore 
the surface of the wafer can be visualised as ordered crystal zones with dislocations 
between them. It has been suggested tha t the dislocations may be thought of as 
having increased hole conductivity, that is behave as less n-type material. Where 
the metal covers the dislocations it will therefore not form a good Schottky contact
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and thus the measured or effective barrier height of the whole diode is reduced from 
that expected for a homogeneous material. Radiation will increase the number of 
dislocations in the material and thus increase the percentage of the surface that 
is relatively ‘p-type’, resulting in a reduction in the effective barrier height with 
increasing fluence.
If the reduction in the barrier height is due to a degradation in the Schottky 
barrier then the ideality factor of the barrier should increase with fluence. The 
ideality factor was found for each diode from the current characteristics, following 
the fitting procedure developed in section 4.1.1, up to a reverse bias of l O k s T .  The 
value of the saturation current and thus zero bias barrier height were determined 
from each data set. An increase in the ideality factor was obtained but it was slight. 
For the pre-irradiated diode a value of 1.04 was obtained, which increased to 1.06 
after a fluence of 13.5 xlO 13 cm-2 . Figure 5.11 shows the results of the fits performed 
for the three fluences. Although the ideality factor did not degrade significantly, it 
must be noted that the quality of the fit was reduced, with the chi-squared doubling 
at the highest fluence.
The bulk resistivity of the material has been shown to increase with radiation 
while the Schottky barrier height has fallen. The resistivity increase was assumed to 
be due to carrier removal via an increased trap  concentration. Increased dislocations 
in the material, and thus p-type zones, have been suggested as an explanation of 
the reduction in the barrier height.
5 .3 .2  H ig h  v o lta g e  ch a ra cte r is tic s
The effect of all three types of irradiation on the high voltage reverse current 
characteristics of the GaAs detectors was small. Figure 5.12 shows reverse cur­
rent characteristics for four increasing proton fluences for a 210/nm thick detector 
measured at 20°C. The plateau current after a fluence of 8.9 x 1013 p /cm 2 is only
2.2 times larger than the pre-irradiated value. Before irradiation the reverse current 
increased dramatically at a bias of 250V corresponding to the full depletion voltage of 
the detector (V/d). After only 1.56 x 1013 p /cm 2 a knee in the current characteristic 
was observed at 160V. The ‘knee voltage’ fell only slightly with higher fluence, as 
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Figure 5.11: The current characteristics at three 24 GeV/c proton fluences, measured at 
20°C, for a guarded SI-U GaAs diode and the fit obtained with equation (4.3) up to 10k s T .  
The key is: A - 0.0 cm-2 ; B - 4.5xl013 cm-2 ; C - 13.5xl013 cm-2 .
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Figure 5.12: The reverse current characteristics of a 210^m thick GaAs detector with 
increasing 24GeV/c proton fluence, measured at 20°C. The key is: solid line - 0.0 cm-2; 
dotted - 1.6 x 1013 cm-2 ; dashed - 3.9 x 1013 cm-2; dot-dashed - 8.9 x 1013 cm-2 .
than this knee voltage the signal created by irradiating the ohmic contact with an 
alpha source (the hole signal) was non-zero, which verified that the detector was 
fully active and that the knee in the current characteristic corresponded to Vjd- 
As the value of Vjd was reduced with fluence the high field region in the detector 
must have been altered with irradiation. Vjd was observed to diminish for all three 
radiation types and fell to between 2/3 and 1/2 the pre-radiation value, regardless 
of the substrate thickness, within the first few 1013 particles/cm 2.
The Alenia detectors tha t showed very good pre-radiation high voltage char­
acteristics due to the nature of the back contact had identical post-radiation high 
voltage characteristics to the Glasgow MCP diodes after 1 X  1 0 13  p/cm 2.
For silicon diodes the value of Vjd increases with fluence, after type inversion, 
due to the increase in the doping concentration. This was not observed in GaAs 
diodes, but it must be stated that the reverse current characteristic and high field 
extension at these voltages is not described by simple semiconductor theory as in 
silicon.
Figure 5.14 shows the plateau current of 200//m thick guarded diodes as a 
function of fluence for the three particle types. The dependence on fluence was very 
similar for the pion and proton irradiations, with the data  points overlapping on the 
figure. The current increase with neutron fluence was significantly less at a given 
fluence than for charged hadrons. The majority of the current increase occurred 
before a charged hadron fluence of 4 x 1013 /cm 2, with the observed current above
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Figure 5.13: Vjd as a function of 24 GeV/c proton fluence, measured at 20°C, for a 200/jm 
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Figure 5.14: The plateau current as a function of fluence, measured at a reverse bias of 
100V.
1 x 1014 p /cm 2 remaining approximately constant.
The value of the reverse current for voltages in excess of Vjd  was reduced with 
increased fluence and the reverse current characteristic became more resistive in 
nature, due to the increase in substrate resistivity.
Reverse current characteristics of two detectors of different thickness, 160/mi and 
500/xm, both irradiated to 6 x l0 13 p /cm 2 are shown in figure 5.15. It can be seen that 
the value of the leakage current up to Vfd is independent of the detector thickness. 
This is not the case in silicon where the leakage current (I r ) has a dependence on
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Figure 5.15: The reverse current characteristics of two GaAs detectors after a fluence of 
6 x 1013 24 GeV/c protons/cm2. The key is: dashed line - 160 t^m thick; solid - 500 fim.
fluence (4>) given by:[76]
where a  is the reverse current damage constant and V o l  is the active volume of the 
detector. The pre-irradiation current characteristics showed no substrate thickness 
dependence and it is suggested that the observed post-radiation operational current 
is a trap-limited generation current. However, the trap concentration and type have 
been altered, resulting in the observed change in high field penetration rate and 
plateau current. No variations in the reverse current were observed for detectors 
that were biased during the irradiation period.
The high voltage forward current characteristics also changed with increasing 
fluence. The effect is illustrated in figure 5.16 where the forward characteristic of a 
160/zm thick detector is shown as a function of proton fluence. A plateau appeared 
that extended to higher bias values with increasing fluence while the magnitude of 
the plateau current fell. If this is due to a space charge limiting effect then a high 
field region may be formed which could allow device operation under forward bias.
5 .3 .3  P u lse r  n o ise  m ea su rem en ts
Pulser noise measurements were performed on four detectors so tha t the equivalent 
noise charge as a function of 24 GeV/c proton fluence could be obtained. Figure 
5.17 reports the results for the measured noise charge and tha t predicted from the 
reverse current with simple shot noise theory. The figures show the noise measured 
at both a fixed bias of 150 V, which is close to the operational voltage of a 200/mi
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Figure 5.16: The forward current characteristics of a 160/im thick GaAs detector with 
increasing 24 GeV/c proton fluence measured at 20°C. The curve of figure 5.16(b) is just to 
guide the eye.
thick device, and at a fixed current of 100 nA. Due to an increase in reverse current 
the theoretical shot noise at a fixed bias increased, however the measured noise in 
fact fell. The second figure shows tha t, while the theoretical shot noise at the fixed 
current was constant at 1860 electrons, the measured noise charge fell with fluence. 
The value of a  in the shot noise expression (4.22) is only 0.03 at the maximum 
fluence.
It is again suggested that the reduction in measured noise charge is related to 
the increase in electron traps. A high trapping probability would be required which 
must lead to a large reduction in the response to charge deposition due to traversing 
charged particles.
The leakage current of a GaAs detector increased slightly with particular 
radiation but the noise current was in fact reduced. This noise source is therefore not 
expected to be a problem for successful operation of GaAs detectors at the ATLAS 
experiment.
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(a) Measured at a constant bias of (b) Measured at a constant current of 
150 V. 100 nA.
Figure 5.17: The measured and theoretical shot noise of a guarded 200^m thick simple 
pad SI-U GaAs detector as a function of 24 GeV/c proton fluence, measured at 20°C. The 
key is: circles - theory; squares - measurement.
5.4 Charge collection characteristics
The irradiated detectors were characterised using the alpha and mip charge collection 
experiments of chapter 3.
5 .4 .1  R ev erse  b ia sed  o p era tio n
Figure 5.18 illustrates typical post-irradiation electron and hole charge collection 
as a function of reverse bias for a 200^m thick device, determined from the alpha 
experiments. A significant hole cce was observed above 100 V which corresponds to 
the value of Vfd deduced from the change in slope of the current characteristic. The 
hole charge collection efficiency was reduced to less than tha t observed for electrons 
and increased only slightly with increasing bias after its initial steep rise at V /j. 
The electron cce was flat, at 6 ±  1%, up to approximately 200 V, after this fluence, 
and increased at higher bias. The increase in electron signal could be due to field- 
enhanced electron detrapping, as suggested in section 4.4.1 to explain the rise in 
electron signal at very high bias in the Alenia detectors.
Mean absorption distances of the charge carriers were found from the experimen­
tal electron and hole charge collection efficiencies as a function of 24 GeV/c proton 
fluence, shown in figure 5.19. Before irradiation the hole signal, and therefore mean
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Figure 5.18: Electron and hole charge collection efficiencies as a function of bias for a 
200/im thick SI-U GaAs detector after a 1.9 x 1014 24 GeV/c proton fluence, measured at 
20°C. The key is: diamond - electrons; circles - holes.
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Figure 5.19: The electron and hole absorption distances as a function of 24 GeV/c proton 
fluence. The key is: diamond - electrons; circles - holes.
carrier absorption distance, was greater than that of the electrons, which implied 
tha t the electrons were trapped more than the holes. The hole signal, however, 
fell at a faster rate with fluence than that due to the electrons and therefore both 
electron and hole traps were introduced with irradiation but electron trapping was 
less im portant after irradiation, contrary to what was observed for unirradiated 
detectors. It was found that the neutron irradiation reduced the carrier absorption 
distance at a lower rate than the high energy protons. Therefore, the introduction 
rate of active defects, hole and electron traps, by the 1 MeV neutrons was lower 
than for the charged hadrons.
The reduction in carrier absorption distances with fluence reduced the mip charge 
collection efficiency of the detectors. At a given bias the magnitude of the mip cce
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Figure 5.20: The mip charge collection efficiency as a function of fluence. Measured with 
an applied bias of 200V on 200/im thick SI-U GaAs detectors at 20°C.
was dependent upon the type of irradiation as well as the fluence. The mip cce 
measured with an applied bias of 200V on 200/tm thick detectors at 20°C is shown 
for all three radiation types in figure 5.20. The reduction in cce with fluence occurred 
at a greater rate for pions and protons than for neutrons as was expected from the 
alpha data. A 10000 electron signal response to the 90Sr source, («  40% cce), was 
obtained after 1.4 x 1014 n /cm 2, 6.0 x 1013 p /cm 2, and only 3.0 x 1013 7r/cm2. The 
cce fell rapidly initially and then at a slower rate for higher fluences with the position 
of the change in gradient depending upon the particle type.
Irradiated detectors biased in excess of Vjd demonstrated an increase in mip 
cce. For example the signal from a 160/zm thick detector irradiated to a fluence of 
1.0 x 1014 p /cm 2 increased from 8500 electrons at 200V to 12000 electrons at 400V.
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Figure 5.21: The measured and calculated mip charge collection efficiency as a function 
of 24 GeV/c protons for a 200 V bias on 200 fim thick SI-U LEC GaAs detectors. The key 
is: open circles - measured; closed diamonds - calculated. Each calculated point represents 
data from a separate diode.
The reason for the increase was the increased electron signal observed in the alpha 
charge collection data.
From the mean absorption distances, calculated from the electron and hole charge 
collection data, the mip charge collection efficiency at Vfd as a function of bias was 
predicted. Measured and calculated values of the mip cce are compared as a function 
of 24 GeV/c proton fluence in figure 5.21. The predicted values are well within the 
scatter of those found from direct measurement.
The dependence of charge collection degradation with particle type has been 
explained in terms of the different non-ionising energy loss (NIEL) of the particles 
in the detector material[67]. The correlation is shown in figure 5.22, where total 
NIEL is the product of the NIEL stopping power and the radiation fluence. The 
NIEL stopping powers calculated for the 1 MeV ISIS neutrons and for the charged 
hadrons are given in table 5.3.
At the ATLAS experiment each particle type will have a characteristic energy 
spectrum and thus if the total NIEL is found for the expected energy spectra a 
prediction of the mip cce of a GaAs detector can be made. Such a prediction was 
made in [67] where the pion fluence was considered the most damaging. The results 
reported in [67] were based on the measurements reported here. A detector with 
an average pre-irradiation charge collection efficiency of 84% (22300 electron signal)
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Figure 5.22: The mip charge collection efficiency as a function of total NIEL for ISIS 
neutrons, 300 MeV/c pions and 24 GeV/c protons for 200//m thick SI-U LEC GaAs 









24 GeV/c protons 2.9
300 MeV/c pions 3.6
Table 5.3: Calculated values of the NIEL stopping power in GaAs.
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was calculated to degrade in the radiation flux of the ATLAS inner detector to give a 
signal of 11700 electrons (44% cce) after two years of operation. The rate of decrease 
in cce will slow down with increasing fluence. Therefore after four years of operation 
a cce of 35% is expected. At the end of the proposed operational lifetime of the 
ATLAS experiment (10 years) the signal would be 7400 electrons (only 29% cce). A 
charge signal of at least 10000 electrons is required to give a signal-to-noise of 10:1 
with the expected read-out electronics at the ATLAS experiment [9].
It has been shown tha t the SI-U GaAs detectors used in these studies would not 
give the required signal throughout the operational lifetime of the experiment and 
therefore the reduction in charge collection efficiency is expected to  be a problem 
for successful operation of GaAs detectors at the ATLAS experiment.
5 .4 .2  Forw ard b ia sed  o p era tio n
The plateau in the forward current characteristic motivated an investigation of 
forward biased detector operation. Alpha and mip charge collection experiments 
were performed as before. However, when the diode was forward biased the signal 
from the alpha experiment gave the electron cce when the diode was illuminated 
from the rear (ohmic) contact rather than the front (Schottky) side. Figures 5.23(a) 
and 5.23(b) show the results obtained from the alpha and mip experiments after 
a fluence of 3 X  1013 7r/cm2. The measurements had to be made cold so tha t the 
noise due to the forward current of the diode did not swamp the signal. The alpha 
experiments were performed by cooling the detector in an environmental chamber 
to 0°C. The diode was placed in the vacuum chamber which was surrounded by 
ice to keep the temperature close to 0°C. The experiment could not be carried out 
in the environmental chamber due to size limitations of the equipment, which was 
discussed in section 4.4.2. The mip charge collection experiments were perform at 
-10°C in the environmental chamber.
The fact that charge collection was possible at all implied tha t there was a space 
charge region inside the diode over which a significant electric field was present. The 
electron signal was observed at very low voltages which implied the active region of 
the device extended as far as the reverse-biased back (ohmic) contact of the device. 
The hole charge collection was observed only after an applied bias of 75 V, slightly









0 100 200 300 400 500
Bias (V)
(a) Electron and hole charge collec­
tion efficiencies. The key is: closed
diamonds - forward biased electrons; 
open diamonds - reverse biased elec­
trons; closed circles - forward biased 





e  4 0 -o
u
o 20-«MI.aJ=U
0 200 400 600 800
Bias (V)
(b) Mip charge collection efficiency. The 
key is: closed diamonds - forward bias; 
open circles - reverse bias.
Figure 5.23: Charge collection efficiencies measured in forward and reverse bias as a
function of bias after a fluence of 3 x 1013 7r/cm2. The alpha experiment was performed at 
0°C and the mip experiment at -10°C. The curves are just to guide the eye.
less than the voltage required to obtained the reverse biased hole signal. Therefore 
the active region extended across the entire substrate at a slightly lower voltage 
under forward bias than with reverse bias. This voltage also corresponded to the 
knee in the forward current characteristics which was similar to tha t observed under 
reverse bias.
After 3.0 x 1013 7r/cm2 the electron cce was 59 ±  3% at a bias of 40 V, which was 
over twice as large as the reverse bias electron charge collection efficiency. However, 
the forward biased cce fell with higher applied bias to a value less than the reverse 
biased charge collection at a bias of 200 V. W ith still higher bias the forward biased 
charge collection rose to be slightly greater than that obtained under reverse bias, 
shown in figure 5.23(a). The forward hole cce was greater than that obtained under 
reverse bias, and was 17.2 ±3%  at a bias of 400 V compared to 12.8 ±  1% obtained in 
reverse bias. As a result of the enhanced electron lifetime the mip charge collection 
efficiency was increased at low bias, illustrated in figure 5.23(b). For a forward 
bias above th a t required for the low bias cce peak, the mip cce increased with bias
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Figure 5.24: The atmospheric temperature of the cold box for the second proton
irradiation run of 70 hours.
and remained above the value obtained under reverse bias. Above a fluence of 
«  1.5 X  1014 p(7r)/cm2 the detector was symmetrical, within experimental errors, 
with respect to mip charge collection above the initial peak. The magnitude of the 
peak also fell with increasing fluence.
The increased electron charge collection in forward bias may be due to the 
presence of the larger forward current. It is suggested tha t the current fills the 
electron traps and therefore increases the life-time of the ionisation induced carriers 
due to the reduction in ionised deep levels. It is not understood, however, why such
an active region should be present inside the device under forward bias.
5.5 Low tem perature irradiations
Twenty-five 200/mi thick detectors were irradiated by 24 GeV/c protons at a 
temperature of —6± 4°C . The detectors were divided into three sets and exposed to 
fluences of 1.9 ±  0.2, 3.0 ±  0.3 and 19 ±  2.0 x 1013 p /cm 2. The tem perature variation 
for the second irradiation run of 70 hour duration is shown in figure 5.24. The large 
peaks were due to the refilling of the nitrogen supply.
Two of the detectors were connected in parallel and reverse biased to 180 V
during the second irradiation run. The guard ring and pad of the two detectors 
were connected together and the reverse current was recorded. The current,
l------------------1------------------r
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Figure 5.25: The variation in reverse current for two diodes in parallel as a function of 
time. The measurement temperature is that shown in figure 5.24.
after smoothing with a 9 point moving average function to remove small thermal 
variations, is shown in figure 5.25. The large peaks in the recorded current are either 
due to the peaks in tem perature, caused by the refilling of the nitrogen supply, or the 
coincidence of the current measurement and the proton beam hitting the detectors. 
The leakage current showed a dramatic increase from 3 nA to over 10000 nA at the 
start of the irradiation run. This very large increase in current was not expected from 
measurements made at room temperature, where the leakage current increases have 
been at the factor of two level for all fluences. The leakage current fell with increasing 
fluence and was of order 100 nA at the end of the run after 7.5 ±  1.0 X  1013 p /cm 2.
Mip charge collection efficiency experiments were performed at a reverse bias 
of 200 V at -5°C; the results are shown in figure 5.26. A slight decrease (~8%) 
in charge collection efficiency was observed with respect to detectors measured at 
-10°C after room tem perature irradiation, as illustrated in figure 5.26(b). However, 
the reduction may be due to the lower pre-irradiation cce of the detectors used for 
the cold irradiation.
The two detectors tha t were biased at 180 V during the irradiation period (the 
circles in figure 5.26(a)) had a better post-irradiation response with respect to those 
that were not biased. Two other detectors were reverse-biased at 180 V after the 
irradiation period and kept at room temperature for ten hours to observe if there
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Figure 5.26: The mip charge collection efficiency as a function of 24 GeV/c proton fluence, 
irradiated at —6±4°C and measured at -5°C. Figure 5.26(b) compares the results with those 
obtained from room temperature irradiations measured at -10°C.
were any room temperature annealing effects. No change in their charge collection 
efficiency was measured, see figure 5.26(a).
The thermal annealing of radiation-induced defects was therefore not signifi­
cantly altered by the reduced irradiation temperature and/or the subsequent room 
temperature anneal. However, significant annealing of traps occurred for the 
two detectors biased during the irradiation period. Current assisted annealing of 
radiation-induced defects has been suggested in the literature[77] and it is thus 
suggested that such a process occurred in these two diodes. More experimentation 
is required to understand the improved charge collection and the high reverse current 
that was measured.
5.6 Annealing studies
The change in the reverse current of a detector irradiated to 1.0 x 1014 p /cm 2 has 
been measured over a period of time greater than 1 year. The sample was stored at 
room temperature which varied throughout the year between 17°C and 25°C. All the
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current measurements were carried out at 20°C with the same Keithley-237 voltage 
source measurement unit. The first current measurement was performed 20 days 
after the irradiation period because the initial activity of the sample and holder 
prevented earlier handling. The value of the reverse current (I r ) at Vfd reduced 
with time (i), measured in hours from the first measurement, with a logarithmic 
dependence given by
I r x 107 = -0 .06/n(f) +  2.4 (5.11)
The value of Vfd remained constant over this period. Some samples have shown an 
increase in cce over a similar period of annealing, however this represented at most 
an improvement of 8% of the initial cce and has not been observed consistently over 
all the detectors.
The constant value of Vfd is very different to tha t observed in silicon detectors 
where it increases due to room temperature annealing[78]. At room tem perature 
the thermal motion allows displaced atoms to move through the lattice and form 
stable complex defects with each other and native impurity atoms. It is these stable 
defects tha t degrade the silicon detector, but no such effects have been observed in 
GaAs devices.
Elevated temperature annealing, for periods ranging from 15 minutes to 33 hours, 
were performed in an oven at 210°C in air without bias on six irradiated detectors. 
The reverse current and charge collection efficiency variations for a 180/mi thick 
detector annealed after a proton fluence of 1.0 X  1014 /cm 2 are shown in figure 5.27. 
The reverse current, measured at 20°C, decreased with increasing duration of anneal 
from 0.22 f iA  to 0.14 /^A after 33 hours, (corresponding to currents densities of 
30nA/mm2 and 20nA/mm2). The pre-irradiation current was O.IO^A (14nA/m m 2). 
The full depletion voltage remained unaffected by the annealing.
For an applied bias of 100V the cce increased from 23% to 30% for annealing 
times up to 5 hours. However, for the annealed detectors the rate of increase in cce 
was less for applied voltages in excess of Vfd- After the 33 hour anneal the cce was 
reduced to only 15% at 100V. Irradiation-induced defects in n-type material have 
been shown to anneal at three stages[79]: stage I at ~  230A% stage II around 280K 
and stage three around 500K. A ‘set of defects’ responsible in part for the increase 
in the leakage current and, to a lesser extent, the reduction of the charge collection
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Figure 5.27: Detector characteristics of a 180/im thick GaAs detector irradiated by
24 GeV/c protons to a fluence of 1.0 x 1014 /cm 2 and then thermally annealed at 210°C. 
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Figure 5.28: Annealing of neutron induced Arsenic antisites.
efficiency have been shown to anneal at 210°C and are therefore in stage III. The 
charge carrier reduction could be directly due to the trapping effects of this ‘set of 
defects’ or result from the perturbation of the electric field tha t these defects caused 
which resulted in enhanced trapping cross-sections of other deep defects. Further 
annealing studies are required combined with DLTS measurements to examine the 
exact effect of the anneals on these defects.
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The arsenic antisite defect in GaAs is known to anneal at temperatures in excess 
of 450°C[73], illustrated in figure 5.28. As the irradiation is expected to produce 
such antisite defects the effect of annealing at 450°C was also investigated. A flash- 
lamp anneal was used to illuminate the detectors between 30 and 120 seconds. The 
effect was shown to be independent of which side of the detector was illuminated, 
demonstrating that the whole bulk was heated. Figure 5.29(a) illustrates tha t the 
plateau reverse current and the value of Vfd were both reduced with the anneal. 
The gradient in the IV characteristic above Vjd was increased which prevented the 
operation of the detector at the high voltages used before annealing.
The mip cce of the detector was increased for an applied bias less than Vfd,  
illustrated by figure 5.29(b) for an irradiated detector which was annealed at 450°C 
for 90 s. The increase in mip cce was due to an increase in electron signal (figure 
5.29(c)) which increased with anneal time, however, the hole signal was not affected.
5.7 Other substrate materials
Irradiation tests were performed with GaAs diodes fabricated from Sl-indium doped 
and VPE substrates.
5 .7 .1  S l- in d iu m  d o p ed  m a ter ia l
Two detectors fabricated from 500/zm thick, SI indium-doped, (Sl-In doped), GaAs 
substrates (see section 4.5.1) were exposed to a 24GeV/c proton fluence of 1.4 X  
1014 /cm 2.
The reverse current characteristic of an indium- and an un-doped diode are shown 
in figure 5.30(a). After the irradiation the value of Vfd for the SI-In doped diode 
was reduced to only 220V compared to 340V for the undoped device and to the pre- 
irradiation value of 550V. The reverse current, which was less than the SI-U diode 
before irradiation, was almost twice tha t of the undoped sample after irradiation at 
approximately 400nA at Vfd (the knee in the current-voltage characteristic).
The charge collection efficiency for the indium-doped sample was comparable 
to the undoped samples before irradiation (figure 5.30(b)). After the irradiation, 
however, the cce fell to 10 ± 1.5% (6700 electrons) compared to 18 ±  1.5% (12300
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(c) Electron and hole charge collection. 
The key is: open diamonds - electrons 
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Figure 5.29: The current and charge collection characteristics of SI-U GaAs detectors 
after a 24 GeV/c proton fluence of 1 x 1014 /cm2 and a rapid thermal anneal at 450°C.
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Figure 5.30: Comparison of the current and charge collection characteristics of a 500/im 
thick Sl-indium doped and a SI-U GaAs detector after a 24 GeV/c proton fluence of 1 x 
1014 /cm2, measured at 20°C.
electrons) for a SI-U detector at an applied bias of 1000V.
The Sl-indium doped samples tested were therefore less radiation hard than the 
SI-U detectors.
5 .7 .2  V P E  m a te r ia l
Four of the VPE diodes described in section 4.5.2 were irradiated with 24 GeV/c 
protons/cm 2 to a fluence of 1.25 X 1014 /cm 2. The current- and capacitance-volt age 
characteristics are shown in figure 5.31. The current increased dramatically from 
the pre-irradiation value of 90 nA to 1500 nA for an applied bias of 200V. This 
represents an increase of more than an order of magnitude.
The activation energy of the reverse bias current was determined from the 
tem perature dependence of the current at an applied bias of 10V. The current was 
assumed to be generation current and thus a plot of ln (I/T 2) against 1 /T  gives a 
straight line with the gradient equal to the activation energy ( E a ).  The result, shown 
in figure 5.31(b), gave a value of E a  =  0.57T0.01 eV. An electron trap introduced by
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electron irradiation has been reported with an energy level of 0.5eV[80]. This trap 
represented at most 5% of the electron trap  concentration formed after electron 
irradiation, however, such irradiation will cause a majority of point-like defects. 
Proton irradiation will create a higher concentrations of complex defects, which this 
level represents, and therefore it is not unreasonable to expect a higher concentration 
of such levels in the VPE sample. DLTS experiments are required to obtain a better 
understanding of the traps created. If the level is created in LEC SI-U GaAs it 
might not change the activation energy due to  the large concentration of the native 
EL2 defect.
The capacitance as a function of voltage showed a marked dependence upon 
the frequency of the test signal used, as was observed for the LEC SI-U material 
where deep levels are present. The measured capacitance at a given bias fell and 
was only 40 pF compared to 300 pF at -5 V. As the measured capacitance depends 
upon the density of free carriers and the number in traps which have emission rates 
greater than the frequency of the A.C test voltage, the reduction in the measured 
capacitance implies tha t the density of these carriers was reduced. Therefore a 
significant concentration of deep levels was created in the material due to the proton 
fluence. These were responsible for the increase in the generation current and the 
change in the diode capacitance.
The introduction of deep levels with a long electron emission time will affect 
the charge collection efficiency of the detectors. A spectrum from the 60keV 241 Am 
gamma source could not be obtained because the signal response was less than the 
noise. The charge collection efficiency of electrons from the Am241 alpha source used 
for the pre-irradiation measurements (section 4.5.2) was obtained, and is shown as 
a function of bias in figure 5.32. The charge collection was reduced to 55 ±  5% at 
the maximum applied bias, which represented a reduction of 45% with respect to a 
similar diode before irradiation.
After a 24GeV/c proton fluence of 1.3 x 1014 /cm 2 a SI-U GaAs device at 20°C 
had a reverse current density of 2.8 x 10-6 A /cm 2 compared to 5.3 x 10-6 A /cm 2 
for the VPE diode measured at 100V reverse bias. It must be noted, however, that 
the VPE diode was not guarded and therefore guarded diodes could demonstrate 
lower currents due to a reduction in surface currents. Charge collection from a SI-
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Figure 5.31: The current- and capacitance-voltage characteristics of a VPE diode before 
and after a 24 GeV/c proton fluence of 1.25 x 1014 /cm2.
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Figure 5.32: The electron charge collection efficiency as a function of reverse bias for a 
VPE diode after a 24 GeV/c proton fluence of 1.25 x 1014 /cm2.
U detector was considerably worse than in the VPE device both before and after 
the radiation fluence. The electron cce for a typical SI-U device measured at 200V 
fell from 62 ±  5% to 11 ±  3%, after this proton fluence, a reduction of 82%. By 
comparison, the VPE diode had an electron cce at -200 V bias of 100% before 
irradiation which fell by 68% to 32 ±  5% after the proton fluence of 1.3 X  1014 /cm 2.
In summary the VPE material had a much better post-radiation charge collection 
efficiency than the SI-U material, however the reverse current was significantly worse.
C hapter 6
M icrostrips
Useful Vocabulary : test beam - a practice smile
6.1 Introduction
GaAs detectors proposed for the ATLAS experiment are not simple pad detectors, 
as described in the previous chapters, but are microstrip detectors. To ascertain 
the quality of GaAs microstrip detectors three were fabricated and tested in a 
70 GeV/c 7r beam from the SPS in the XI area at CERN, during the summer 
of 1995. The detectors were tested in the laboratory before being coupled to Viking 
read-out electronics[81]. After testing with the read-out electronics they were placed 
in the beam where the read-out chain consisted of the Viking front-end amplifier, 
a repeater card, followed by a VME Sirocco ADC[82] and finally by data recording 
on tape so tha t off-line analysis could be performed on the data. The figures of 
merit for a strip detector - the signal-to-noise ratio, spatial resolution and detection 
efficiency - were obtained for each GaAs microstrip detector. This chapter discusses 
the stages from detector design and laboratory testing through to the final off-line 
analysis of test beam data from the strip detectors.
6.2 The microstrip detectors used
The detectors tested in 1995 were all parallel strip, constant pitch devices with 384 
strips per detector. Three strip detectors were tested in the XI beam, one fabricated
184
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Detector Pitch Aspect Strip Number of Strip
(/mi) ratio length (mm) strips contact
G114 50 40:10 18.5 128 Rectifying
G114 50 25:25 18.5 128 Rectifying
G114 50 10:40 18.5 128 Rectifying
AL-W3-6 50 30:20 25 384 Rectifying
AL-W3-8 50 30:20 56.5 384 Ohmic
Detector Thickness Bias Decoupling
O m ) resistance capacitance
G114 500 Reach through External
G114 500 Reach through External
G114 500 Reach through External
AL-W3-6 200 Reach through Integrated
AL-W3-8 200 Substrate resistivity External
Table 6.1: The GaAs microstrip detectors used in the 1995 test beam.
at Glasgow University (G114) and two from Alenia SpA of Rome, Italy (A1-W3-6 
and AL-W3-8). The design of the microstrip detectors is summarised in table 6.1.
All the devices had a strip pitch of 50 f im  which matched the input pitch of 
the read-out electronics. Device G114 was fabricated upon a 500 /im thick SI-U 
GaAs substrate from MCP with the rectifying contact segmented to form 384 strips 
1.85 cm in length. These strips were divided into three groups with different strip 
width to gap ratios (aspect ratios) of 10:40, 25:25 and 40:10, so that the dependence 
of charge sharing and thus ultimately spatial resolution could be obtained as a 
function of aspect ratio. The resolution of a strip detector improves if the signal 
charge is shared between two strips, as will be shown in section 6.3. More charge 
sharing will occur if the applied voltage is low so that the charge carriers have a 
low drift velocity and thus have time to diffuse laterally. It was feared that charge 
sharing in GaAs detectors might be small because they have to be operated at 
high bias voltages to obtain full charge collection, resulting in high drift velocities. 
The problem is compounded by the high electron mobility of the material. The
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question of a possible region of low charge collection between the strips could also 
be investigated.
The two Alenia detectors, both  with strip aspect ratios of 30:20, were fabricated 
on 200 fim thick SI-U GaAs substrates from the m anufacture Sumitomo. D etector 
AL-W3-8 had strips of length 5.65 cm, close to  the intended length of the  final 
ATLAS detector modules, formed from segmentation of the ohmic side of the device. 
The back side of this device was the rectifying contact. Section 6.3 will discuss the 
process of signal form ation in strip detectors which will explain the im portance of 
this alteration in m etallisation. The other Alenia detector, AL-W3-6, had rectifying 
strips of only 2.5 cm in length.
Two possible particle detector read-out m ethods are available, schematics of 
which are shown in figure 6.1. The first is where the strip is directly coupled to  the 
amplifier (D.C read-out) while the second schematic is for an A.C coupled detector. 
The advantage of a D.C read-out scheme is th a t the input capacitance a t the pre­
am p is minimised, an im portan t consideration with respect to the noise of the  device. 
Disadvantages of this m ethod are th a t detector leakage current shifts, due to  therm al 
changes, can cause baseline shifts in the electronics resulting in signal loss. The fact 
th a t the detector is grounded through the amplifier is also not ideal. Some amplifiers 
can only sink a small am ount of current, which rules out D.C coupling if the detector 
current exceeds this maximum.
The A.C coupled detector overcomes these difficulties at the expense of new 
problems. An increase in input capacitance from the decoupling capacitor occurs, 
obviously. If the decoupling capacitor on its own is added to  the  D.C circuit, 
there is no p a th  to  ground for the detector current and so a bias resistor must 
be incorporated. This resistance must be high in order to  keep the ex tra  noise from 
this component to  a  minimum and to  ensure th a t the A.C signal sees a  much higher 
impedance from this than  from the decoupling capacitor, so th a t no signal loss 
occurs. Noise considerations for signals from charge-sensitive read-out electronics 
are discussed later w ith reference to  the Viking pre-amplifier (see section 6.4.1).
For all th ree devices the bias resistors were realised on the GaAs detectors 
themselves, while detector AL-W3-6 also had integrated decoupling capacitors. 
These were fabricated as a layer of silicon nitride on top of the 30 /im  wide diode
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F ig u re  6.1: An A.C. and a D.C. coupled read-out scheme for a strip detector.
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F ig u re  6.2: Cross-section of the AL-W3-6 detector with integrated capacitors.
strips, the upper layer of which was metallized with a 20/im wide read-out strip, 
shown in cross-section in figure 6.2. External capacitor chips fabricated on a  quar tz  
su b s tra te  with a capacitance of 150 pF per strip were used to  decouple the  two o ther 
detectors. These devices had back-to-back diode protection  a t the inpu t so th a t ,  if 
a  s trip  was floating a t  a significant voltage (>  7 V) above ground, the detec tor strip 
would be shorted to ground and thus prevent dam age to  the capacitor chip and 
u ltim ately  the front end electronics.
T he required DC p a th  to ground was realised for detectors  G114 and AL-W3- 
6 via a reach-through biasing scheme. T he ohmic strip  detec tor had a similar 
m etallisation, bu t due to the non-rectifying na tu re  of the strips the bias resistance 
was simply th a t  due to the resistivity of the SI GaAs substra te .  Figure 6.3 shows the
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Figure 6.3: The MSM bias structure on a GaAs microstrip detector and the measurement 
schematics for the reach-through potential.
m etallisation of the bias strip with fingers th a t extend towards the read-out strips. 
The gap between the fingers of the biasing rail and the detector strip was 5 f im  long 
and 6  \xm wide. The bond pads a t the end of the read-out strip allow connectivity 
to the read-out electronics. Each strip has four such pads with two a t either end. 
The structure  of the reach-through biasing scheme is a m etal-sem iconductor-m etal 
(MSM) diode shown in figure 6.4. At zero applied bias (A in figure 6.4) a depletion 
region is present under both  strips due to  the built in potential of the barrier. On 
application of a potential across the two junctions the depletion region extends from 
the reverse-biased barrier into the m aterial. During normal operation it is the  bias 
rail th a t is held at a negative potential. The reach-through potential (Vrt) is obtained 
(B in figure 6.4) when the depletion regions from the bias strip and the read-out 
strip join.
For n-type silicon with p-type contacts the reach-through potential is given by[83]
V r t  ~
qNd j 2 _  L f  2qNdVbi\  2 (6.1)
2 €s \  €s
where L  is the length of the gap between the finger and the read-out strip. Typically, 
for a silicon detector with a donor density of 5 X 101 2  cm - 3 , this occurs at a bias of 
7.6 V for L = 5/im. Expression (6.1) results from equating the depletion lengths for









F ig u re  C.4: A schematic of the reach-through structure.
a back-to-back silicon diode. In SI-U GaAs, however, the  extension of the  depletion 
region is not given by simple theory, as discussed in previous chapters , and  therefore 
a different po ten tia l  is required for reach-through.
For an applied bias greater than  Vrt (C in figure 6.4) the  curren t th a t  flows 
through  the diode is th a t  due to the forward biased junction , which is limited bv 
th a t  of the s tr ip  curren t,  I st, in series with the MSM structure . T he biasing s tru c tu re  
has a dynam ic resistance, Rbs, given by the differential of the  current with respect 
to  the  voltage. T h e  current th a t  flows through this resistance thus causes a voltage 
drop and  it is this voltage drop th a t  m ust be found for correct detec tor operation .
T he  experim ental  ap p a ra tu s  used to  measure this voltage is shown in figure 6.3. 
T h e  bias rail was held a t  ground and a  positive bias was applied to  the back contact 
of the detec tor.  T he  strip  voltage (Us<) was measured as a  function of the applied 
bias (Vbk). F igure 6.5 shows the result of such as m easurem ent m ade on detec tor 
G114 a t  room  tem p e ra tu re  for a 10 /im and a 40 p m  wide strip. T he value of Vst 
follows the  applied voltage until the reach through voltage is applied. From such a
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Figure 6.5: The voltage on the detector strip versus back contact voltage for the G114 
detector with the bias rail held at ground. The key is: circles - 10 /im; diamonds - 40 fim 
wide strips.
plot the reach-through voltage is thus obtained. It is also apparent th a t the strip 
voltage does not increase significantly on application of higher voltages. During the 
operation of a m icrostrip detector the bias rail is held a t a negative voltage sufficient 
to keep the read-out strips close to zero volts. This ensures th a t the DC current 
flows through the biasing network. To prevent an excessive voltage being applied 
across the bulk of the detector between the bias strip at a negative bias and the 
forward biased back contact the rear m etallisation extends only up to  the end of the 
read-out strips and does not overlap the bond pads and bias strip.
The V-V characteristic can be explained by considering a floating read-out strip 
where the voltage on the strip is:
Vat = Vbs -  A V  (6 .2 )
where
A V  = IbfRbs =  IstRbs for Vbs > Vrt (6-3)
and Ibf is the current of the forward biased bias strip. Therefore, if the voltage 
on the strip is m easured for an applied voltage on the back contact of the  detector 
with the bias rail held at ground, when the voltage Vrt is reached the strip voltage 
will equal VTt (= A V ) and follow A V .  However, A V  is limited by the constant
R e a c h - t h r o u g h  
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strip  current I st and is therefore constant a t the value given in equation (6.3). The 
reach-through voltage of approxim ately 40 V for detector G114 is typical of MSM 
bias structures formed on SI GaAs. The extension of the high field region has been 
seen to be roughly 1  fim /V  which would imply th a t 5 V would be required for the 
reach-through condition to be satisfied for a separation of only 5 fim.  The greater 
bias required must be due to  the necessity for the depletion region to  extend laterally 
ra th e r than  perpendicularly to  the m etal contacts. Lower values of Vrt have been 
recorded with SI GaAs MSM structures fabricated with diffused strips where the 
contacts formed are deeper in the m aterial [84].
The A1-W3-8 detector has ohmic strips and thus the reach-through bias structure 
will not work. The required resistance is obtained from the semi-insulating substra te  
itself. The resistance (Rbs), measured by applying a D.C bias between the bias rail 
and a strip, was tem perature dependent with a value of 14 MH at 26°C. During the 
operation of this strip detector the bias rail must be held to  ground and not the 
negative voltage required for the reach-through system.
Figure 6 .6 (a) shows the to ta l leakage current of each set of 128 strips for each 
aspect ratio  in the G114 detector. Figure 6 .6 (b) is th a t for the 384 strips of detector 
AL-W3-6; both were measured at 20°C. The m easurem ents were performed by 
biasing the detector through the bias strip, holding the back contact to  ground 
and allowing the read-out strips to  float. The leakage current is independent of the 
w idth of m etallisation in the rectifying contact and is proportional to  the area of 
the  back contact. The leakage current per unit area of all three devices, calculated 
from the measurement of the to ta l leakage current, is given in table 6 .2 .
The knee in the AL-W3-6 current characteristic a t 50 V is due to  the reach- 
through process connecting the strips to  the bias rail. The current below this voltage 
is small and due to the leakage current of the bias rail only. The lack of a low bias 
p lateau  in detector G114 is probably due to  a fabrication error which resulted in 
some of the strips becoming shorted to  the bias rail. Thus reach-through did not 
need to  occur before some strips contributed to the leakage current.
The single strip current voltage characteristics of detectors G114 and A1-W3-6 
are shown in figure 6.7. These were obtained by applying a bias to  one read-out 
strip and measuring the current while the strips on either side were kept a t the
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(a) The leakage current of 128 strips 
measured for each aspect ratio of de­
tector G114. The key is: dashed line - 
40 //m wide strips; solid - 25 ^m; dotted 
-  1 0  /j,m .
Figure 6 .6 : Total detector leakage currents for detectors G114 and AL-W3-6 measured at 
20° C.
(b) Total leakage current of detector 
AL-W3-6
D etector Strip width/tm Current per 
From to ta l IV
unit area (nA /m m 2) 
From single strip IV
G114 1 0 29 25
G114 25 32 25
G114 40 17 2 0
AL-W3-6 30 8 9
AL-W3-8 30 9 8.5
Table 6.2: The leakage currents of the three strip detectors measured at 20°C.






(a) Detector G114 at 20°C for the three 
aspect ratios. The key is: solid line - 
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(b) Detector AL-W3-6 measured at two 
temperatures. The key is: solid line - 
17°C; dashed - 27°C.
Figure 6.7: The signal strip current voltage characteristics of two microstrip detectors.
same bias to act as a guard ring around the strip under investigation. The back 
of the device was grounded. The detectors all operated correctly w ith a plateau 
in the  current characteristics as seen with simple pad devices. The leakage current 
through the device is th a t due to the active region under the  strip with a width 
defined by the strip pitch and the lateral spreading of the field. In general the 
m agnitude of the leakage current is reasonably independent of strip width w ith a 
value equal to the to ta l current th a t was m easured above divided by the num ber of 
strips in the detector. The leakage current per unit area calculated from the single 
strip  characteristics are given in table 6 .2 .
The breakdown voltage of the 10 /im strip has been consistently m easured over a 
large num ber of strip detectors to be slightly lower th a t th a t m easured for the other 
strips. This might be due to  a region of high field a t the edge of the  narrow strips 
which causes early breakdown.
From figure 6.7(b) the im portance of operating the detectors a t a  low tem pera­
tu re  to  reduce leakage current noise is obvious. The proposed operating tem perature 
of the ATLAS SCT is -10°C which is advantageous from current considerations. For 
the test beam  the tem perature was kept within the range of 13°C to 18°C using a 
portable air conditioning unit.
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C apacitance m easurem ents were carried out on the strip detectors to  find the 
inter-strip  capacitance. The inter-strip capacitance is the dom inant capacitance term  
a t the  input of the amplifier. From signal processing argum ents, this capacitance 
should be kept to  a  minimum to reduce the noise associated with the amplified signal. 
Capacitance m easurem ents were performed on test structures similar in design to  
the  complete strip detector. These consisted of strips of three different lengths 
grouped in sets of only six strips per aspect ratio. The other difference in design 
was th a t the strips only had bond pads a t one end. Capacitance m easurem ents 
were performed with zero applied bias on the structures. Since the capacitance will 
fall w ith increasing bias as the depletion region grows, these m easurem ents give an 
upper limit to  the value experienced in the test beam. Ideally, m easurem ents should 
be performed at a frequency which corresponds to the shaping tim e of the read­
out electronics to  be used. For the Viking electronics this implies a  frequency of 
~  2 MHz. The LCR machine used in Glasgow, however, has a maximum  frequency 
of 100 kHz, so this was used for the measurem ents. The variation of in ter-strip  
capacitance with strip length for the three aspect ratios of detector G114 are shown 
in figure 6 . 8  to  depend linearly on the strip length. The plot also shows the m easured 
values of inter-strip  capacitance for a 1.85 cm long strip detector. The difference 
between the predicted value and th a t m easured is due to  the presence of the ex tra  
bond pads on the full strip detector.
The variation of interstrip  capacitance as a function of the w idth of the non­
metallized region between the strips does not follow a simple 1 / r  relationship, 
as expected for parallel plate capacitors, but the capacitance does decrease w ith 
separation distance, as shown in figure 6.9.
According to  these measurem ents the in terstrip  capacitance of the A1-W3-8 strip  
detector, which is the  largest of all the three detectors tested, is approxim ately 4 pF. 
Therefore the decoupling capacitance of 150 pF will not add significantly to  the input 
capacitance of the  detector and can be ignored for noise considerations.
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Figure 6 .8 : The variation of the interstrip capacitance with strip length for three aspect 
ratios: The key is: square - 10 /zm gap; triangle - 25 /zm gap; circle - 40 /zm gap, the open 
points are from a test structure while the solid ones correspond to an actual detector.
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Figure 6.9: The variation of interstrip capacitance with interstrip gap for three strip
lengths: diamond - 3.1 mm; circle - 5.9 mm; triangle - 8.7 mm.
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6.3 Signal generation
The signal observed in a detector is induced by the m otion of carriers around an 
electrode. The electrode geometry may be a simple parallel plate arrangem ent or 
the more complex situation of the microstrip detector, where one or bo th  of the 
electrode plates are divided into many parallel strips. The induced current on the 
sense electrode (ii)  due to a charge (qm) moving with velocity v, as a function of 
position of the moving charge, is given by Ram o’s theorem[85] as:
ii = Qm -EyjV (6*4)
where E w is the weighting field, and the presence of the negative sign is because 
the induced charge has been assumed positive. The weighting field results from an 
electrostatic analysis of the problem using Green’s theorem  and is a m easure of the 
electrostatic coupling between the moving charge and the sense electrode. The sense 
electrode for a m icrostrip detector is the particular strip th a t is under investigation. 
The weighting field is calculated by setting all the potentials of the system  to zero 
except for the sense electrode which is held at one volt. It should be clear th a t the 
weighting and the operating fields of a detector are quite different.
An associated weighting potential (Vw) may also be defined from the weighting 
field as:
E w = -g ra d (K ,)  (6.5)
To obtain the current as a function of tim e, th a t is the waveform of the induced 
signal, the weighting field must first be found. Second, the velocity of the charge as 
a function of position m ust be determined from the operating field of the detector 
and the properties of the m aterial. From this the induced current as a function of 
position follows. Finally, the equations of motion th a t govern the charge m ust be 
solved to obtain x ( t ), y(t)  and z{t ) which are substituted back into i \ ( x , y , t ) to  give 
h ( t ) .
If only the to tal induced charge (Q \ ) is required then:
/ I'm 2
h d t  -  -  I E wdl = qm[Vw(m i )  -  Vw( m 2)\ (6 .6 )
J mi
where the velocity has been replaced by dl being a small change in distance. The
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induced charge is therefore the difference in the weighting potentials between any 
two positions (from mi to m 2 ) of the moving charge inside the device.
The m agnitude of the weighting field, calculated for the detector geom etry shown 
in figure 6.10(a), is shown in figure 6.10(b). The curves represent the  m odulus of 
the  field calculated at 25 /im steps in depth into the device. It can be seen th a t 
the  field is much higher ju st under the sense strip and falls rapidly with distance 
in to  the bulk of the detector and across to  the neighbouring strips. The operational 
field in such a detector is uniform throughout the bulk and perpendicular to  the 
strip  planes. According to  equation (6.4), the m ajority  of the induced current will 
be created in the vicinity of the sense strip. This has im portan t consequences with 
respect to  the fabrication of a detector with ohmic strips.
Figure 6.11 illustrates the difference between a strip detector with rectifying 
strips and one with ohmic strips. The electric field shown, w ith a high field p lateau 
region and low field region, is th a t which has been observed in SI-U GaAs devices. 
Charge carriers in the low field region have a negligible velocity and therefore induce 
no signal on the sense strip. For the situation with rectifying strips, most of the 
signal is due to  the motion of holes as they approach the strip and the detector can 
be thought of as collecting holes. The high field region extends from the strips and 
the induced current from the holes will be significant even if the detector is not fully 
depleted. Ohmic strips are illustrated in the second part of figure 6.11. Here the 
operating field will reach the strips only when the detector is fully depleted and thus 
the induced charge will be small until this occurs.
The second implication of the non-uniform weighting field concerns the current 
induced on neighbouring strips. To illustrate this the weighting field m ust be 
represented as fines of equipotential, as shown in figure 6 .1 2 (a)
W hen a positive charge passes along a path  directly under and perpendicular to 
the  sense strip (path  A) and traverses the full detector towards the sense strip the 
observed charge is:
Q \  =  Qm (6.7)
The current increases with distance as the carrier approaches the electrode because 
the electrostatic coupling increases, th a t is V w increases. The resultant wave form 
is th a t shown in figure 6 .1 2 (b)
C H APTER 6. MICROSTRIPS
200(1 m
- 30(1 m-1
— 50(1 m —
-vt
(a) The microstrip detector, 200/xm thick with a 50 //m strip 
pitch and 30 fim width. The weighting field is found with the 
switches at position W and the operating field is that obtained 
for position M, where the sense strip is connected to an amplifier 
and the back is biased to Vt,.
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(b) Modulus of the weighting field for the strip detector with 
the sense strip centered at 115 (tm. The different curves refer to 
distances from the strip plane differing by 25 //m.
F ig u re  6.10: The weighting field concept for a microstrip detector.
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Figure 6.11: Microstrip detectors with rectifying or ohmic strips.
For a charge th a t follows path  B in figure 6.12 the size of the induced charge 
depends upon the collection tim e, th a t is the shaping tim e, of the amplifier. If the 
collection tim e is greater than  the charge transit tim e of the detector the to ta l charge 
is zero. However, for a  shorter collection time an induced charge is observed. This 
arises because the current waveform is bipolar (see figure 6 .1 2 (c)) due to  the  change 
in weighting field direction along the path , as shown.
Due to  charge trapping in GaAs detectors a net charge will be induced on the 
neighbouring strip. The m agnitude of the net charge depends upon the tim e at 
which the bipolar signal swaps sign and the proportion of carrier trapping. The 
position along the pa th  of the charge at which the signal swaps sign depends upon 
the position a t which the weighting field direction becomes perpendicular to  the 
direction of m otion. This is dependent upon the strip geometry and is closer to 
the  strips for small in terstrip  separation. T hat is, a longer positive signal occurs 
for smaller in terstrip  gap, which is balanced by a short negative signal. Incomplete 
charge cancellation, due to  carrier trapping, will be more significant for small strip 
separation as the  to ta l negative current is produced over a smaller distance.
Charge sharing will also occur in a strip detector through carrier diffusion so th a t 
the deposited charge cloud spreads over more than  one strip. The carriers created
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(a) A sketch of the weighting field shown as a plot of equipotential lines 
for the left hand side of a sense strip, S.
i
t
(b) Waveform of the induced 
charge on the sense strip for a 
charge that follows path A
i
(c) Waveform of the induced 
charge on the sense strip for a 
charge that follows path B
Figure 6.12: Signal formation on neighbouring strips.
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diffuse as they drift towards the electrodes in the drift tim e td and create a Gaussian 
distribution with a standard  deviation, sigma, given by:
a = \f2Dtd (6 .8)
where D  is the diffusion constant, which is proportional to  the  carrier mobility[12]. 
The spread, however, is independent of the mobility due to  the drift tim e being 
inversely proportional to  it. If the low field relationships for D  and td are assumed 
(although this is not correct as the GaAs detector are operated a t high voltages) 
then:
j2 kBT d
a = \ j ~ ^ E ~  (6 '9)
where d is the thickness of the detector, and E  is the applied electric field in the 
detector. For a 200 fim thick detector biased at 200 V and operated at 300K, the 
spread due to  diffusion is only 3.2 fim. The am ount of charge sharing depends on 
the relative m agnitude of this distribution and the strip pitch. Strip detectors are 
never fabricated with a strip pitch of less than  2 0  /im and the detectors tested in 
the  test beam all had read-out pitches of 50 /mi. The strip w idth for two detectors 
was 30 fim with a 20 /jm non-metallized region. Charge sharing due to  diffusion will 
take place for only 3.2 /im of this about the centre of the gap. T hat is, only 6 % of
the signals will appear on two strips and a cluster size of 1.06 results.
Charge sharing can also take place via capacitative coupling effects between the 
strips due to  the interstrip capacitance (C\s) [13]. The fraction ( K )  of the charge 
th a t arrives a t one strip th a t appears on the neighbouring strip due to  this effect is
K  *  ^  (6.10)
where Cd is the decoupling capacitance. For the test beam  typical values of Cis and 
Cd  were 2 pF and 150 pF , respectively. The fraction of charge sharing due to  this 
effect is therefore only 1.3%, corresponding to  a mean cluster size of 1.013.
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Figure 6.13: The current-voltage characteristics of detector AL-W3-8 before and after 
bonding to the read-out electronics. The temperature was 26.0°C for the former and 21.5°C 
for the latter measurement. The key is: dashed - before bonding; solid - after.
6.4 The test beam
6 .4 .1  R e a d -O u t  e lec tron ics
All three detectors were wire bonded to  VA2 read-out electronics, one of the next 
generation of Viking amplifier chips [81]. The VA2 amplifier is described here after 
a short section discussing the bonding process and heat dissipation.
The detectors were ultrasonically wire bonded to  the electronics. This proved 
to  be problem atic for the Glasgow detector and the long Alenia detector. The top 
m etallisation layer of detector G114 was evaporated gold which has a very sm ooth 
surface. This led to  the bond head sliding on the surface and therefore a high power 
setting was required to form a bond. Such a situation is undesirable due to  the 
dam age th a t the  ex tra  force causes to  the GaAs under the bond pads. Bonding 
problems were also experienced with detector AL-W3-8. As a result, the current- 
voltage characteristic after bonding showed a prem ature increase in current, as seen 
in figure 6.13. The leakage current in the plateau region of this characteristic is 
the  same for bo th  curves when the tem perature variation is taken into account, 
and was therefore not affected by the bonding process. The other Alenia detector, 
AL-W3-6, had a thick sputtered gold contact on the bond pads which improved the 
‘bond-ability’ of the  device to the extent th a t no bonding problems occurred with














Figure 6.14: Schematic diagram of one channel of the Viking amplifier.
this detector.
As GaAs has a  lower therm al conductivity and specific heat capacity than  silicon 
(see appendix A), the problem of detector heating from the electronics m ust be 
considered. The leakage current has been shown to be a strongly dependent function 
of tem peratu re  and thus every precaution m ust be taken to  minimise the heating of 
the device. The VA2 chip bonded to the AL-W3-6 detector was m ounted directly 
on an aluminium heat sink to  dissipate any heat from the electronics. The other 
detectors were separated from the electronics by the quartz capacitor chips which 
should minimise detector heating. During the beam test the air around the detectors 
was cooled using the air-conditioning unit mentioned previously.
The VA2 chip contains 128 low power (1.5 m W /channel) charge sensitive per- 
amplifiers followed by CR-RC shapers and sample-and-hold circuitry, shown in figure 
6.14. The capacitor Ch is the charge storage device. The stored charge of each 
channel is read out sequentially via an analogue multiplexer to  a single ou tpu t 
buffer and sent to  an external differential amplifier and finally to  an ADC. The 
amplifier feedback resistors R /p and R /s are non-linear MOS elements controlled by 
external bias voltages V FP and VFS, respectively. The pre-amplifier, shaper and 
buffer operation are controlled by externally defined biasing currents.















Figure 6.15: The timing diagram for the Viking amplifier chip.
The chip allows an external trigger to  clock out a single channel, enabling the 
optim isation of signal shape for each detector, before test beam installation, through 
the adjustm ent of the aforementioned voltages and currents. The peaking tim e of 
the  VA2 circuit is adjustable from a minimum of approxim ately 300 ns to  over 2 fis; 
the  range 1.5 /is —> 2 /is is most commonly used.
The tim ing diagram  of the Viking chip is shown in figure 6.15. Once the external 
trigger is applied to  the chip the amplified charge is sampled after the tim e defined 
by the hold signal and stored on the capacitor Ch. The hold tim e should correspond 
to  the  peaking tim e chosen for the signal so th a t the peak of the signal is sampled 
and stored. The shift J n  and clock signals read-out each channel sequentially.
Noise considerations
One of the m ost im portan t features of an amplifier is its noise slope. This relates 
the  noise, referred to  the  input of the amplifier, to the load capacitance. The noise 
is m easured as an equivalent noise charge in units of electrons. The detector will 
also contribute additional noise due to  the leakage current shot noise and therm al 
noise from the biasing resistor at the input.
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T he pre-amplifier noise for a CMOS input transistor with CR-RC shaping is[8 6 ]:
Q h  =  ^  ( e l y  +  4^4/) { C d e t  +  C i f  (6.11)
where q is the electron charge and en is the spectral density of the equivalent input 
noise voltage. F v  is a form factor associated with the shaping and has a value of 
0.924 for CR-RC shaping with equal differentiation ( t ^ / / )  and in tegration ( r jnt) 
tim e constants ( r ^ / /  = Tint =  r ) ,  which is the case for the Viking amplifier[87] used 
throughout this study. The term  A f  expresses the intensity of the 1 / f  noise which 
is independent of the shaping tim e used. C d e t  and C {  are the detector and amplifier 
input capacitances, respectively. The equivalent input noise voltage is related to  the  
transconductance (gm) of the  input FET  by:
e \  =  AkgT0- L  ( 6 . 1 2 )
9m
where To =  300K, and 7  is an empirical constant which depends upon the device 
type, geom etry and operating conditions. The gain of an FE T  is proportional to 
the transconductance and thus a high gain input stage should be used to keep the 
amplifier noise contribution to  a minimum. The pre-amplifier noise contribution 
will increase with decreasing peaking time and increasing input capacitance. The 
amplifier input capacitance is determined by the chip designer while the detector 
capacitance is a function of the  desired strip length. The Viking has the  following 
experim entally determined dependence upon the detector capacitance for 1.5 /xs and 
2  /is peaking times:
Qna =  125e~ +  \AAe~Cdet r  =  1.5 9 s
Qna =  136e“ +  12.3 e~Cdet r  = 2 . 0  fis (6.13)
where Cdet is measured in pico-Farads. From equation (6.11) the  first term  
corresponds to:
^ ( e l ^  + A A ^ Q  (6.14)
This should therefore increase with decreasing peaking time, contrary to  observation.
The second term , which shows the required increase in noise w ith decreasing
peaking tim e, is similar to  equation (6.14) but w ith the detector capacitance
C H APTER 6. MICROSTRIPS 206
1500 2000 2500
Peaking tim e (ns)
200




E N C  (e) =  1 2 .3  x C d e t  (p F )
0 2 3 4 61 5
Detector Capacitance (pF)
(a) Second term of noise slope for a 
C d e t  =  1 p F .
(b) ENC as a function of detector ca­
pacitance for five peaking times. The 
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Figure 6.16: The dependence of Viking amplifier noise charge on peaking time.
replacing C{. From the two measured noise slopes the variation of this second term  
can be deduced as a  function of peaking time. This term  is shown in figure 6.16(a) 
for a 1 pF detector capacitance while figure 6.16(b) shows the change in slope as a 
function of this capacitance for 5 peaking times.
The shot noise due to  the leakage current Idet is:
Qli  = - 2 I ietFvT (6.15)
The noise charge therefore has a dependence. The actual m agnitude of this 
noise source in GaAs diodes was shown in section 4.2 to  be approxim ately half th a t 
predicted by theory.
The input resistor will also contribute therm al noise current with a corresponding 
noise charge given by:
F“r )  (6 J6 )
where T  is the tem perature of the resistor and is equal to  the  tem peratu re  of the
detector for m ost applications.
The to ta l noise charge (Q*0t) is given by adding each term  in quadrature:
Q t o t  =  \ j Q l a + Q l i + Q l r  (6-17)
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Figure 6.17: The individual and total equivalent noise charge for a Viking amplifier as a 
function of peaking time for a detector with a reverse current of 30nA, interstrip capacitance 
of 1.5pF and a biasing resistor of 50MIT The key is: closed circles - current; diamond - 
amplifier; cross - resistor; open circles - total noise.
Figure 6.17 shows the three individual components and the to ta l equivalent noise 
charge for a Viking amplifier as a function of peaking tim e for a detector with a 
leakage current of 30 nA per strip, an interstrip  capacitance of 1.5 pF  and a bias 
resistor of 50 Mfi. Similar values apply for the detectors used in the test beam. The 
first term  in the amplifier noise slope was kept constant at 140 electrons. It can be 
seen th a t at peaking times of 500 ns an equivalent noise charge of 500 electrons is 
expected. Even at this peaking time the to ta l noise is still dom inated by leakage 
current noise and only when the current falls to  below 13 nA per strip will the 
current noise be less th an  50% of the to ta l noise. For GaAs detectors the lowest 
noise occurs for short peaking times due to  the large reverse currents and therefore 
the  peaking tim e was minimised for each detector used.
The single channel read-out option allowed the noise of each channel to  be 
m easured and optimised in the laboratory  before the detector was placed in the 
test beam. The noise in mV RMS for each strip of the AL-W3-6 detector is shown 
in figure 6.18 for a VA2 peaking tim e of 300ns. The m easurem ents were m ade a t a 
tem peratu re  of 25°C with a bias of 151 V on the back contact and -40 V on the bias 
strip. A to ta l current of 16 fiA  flowed, corresponding to  42nA per strip.
The channels m arked ‘bad ’ are those th a t showed excessive noise. This was
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F ig u re  6.18: Noise plot of A1-W3-6 with 150 V depletion bias, 40 V punch-through bias 
and a total reverse current of 15.7 //A for 128 strips, measured at 23 .9°C.
thought to be due to the VA2 chip, as the excessive noise was present when the 
detec tor was not biased. The first two channels were not bonded  to  the detec tor 
and  their noise was due to the electronics only. It can be seen th a t ,  for these 
conditions, the noise due to the amplifier w ithout the detector capacitance te rm  was 
half the  to ta l  noise of a good strip for this detector. T he average noise was 11.5 mV 
for good channels.
T he  noise in the test beam area  is always more th an  th a t  found in a  labo ra to ry  
due to the am ount of ex tra  electrical pick-up and ground loops th a t  are present. At 
the XI beam, however, the  detectors were cooled to a tem p e ra tu re  below 18°C to 
reduce the leakage current noise and therefore this measured noise should be a  good 
upper limit.
T he AL-W3-6 detector response to electrons from a Sr90 b e ta  source was 
investigated. Due to the lack of an adequate  trigger, low energy betas  could not 
be rejected and therefore the signal was not th a t  of a mip. However, the signal 
m easured across the detector was reasonably uniform a t  a value of 126±3 mV for 
the good strips.
T he  VA2 chip was calibrated using a  1.8 pF  capacitor connected to  the tes t input. 
T he  calibration remained constan t across the chip, w ith a  value of 4 8 ± 4  V /p C  for 
the AL-W3-6 detector and 35±1.5  V /p C  for the AL-W3-8 detector.  (T he  calibration
535323238901532301539123532348532301534848235302235348233153480053482323485323
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of detector G114 could not be performed because there was no test capacitor present 
on this VA2  hybrid.) The noise of the AL-W3-6 detector measured above therefore 
corresponds to  1500 electrons and the signal from the source was 16400 electrons. 
From mip charge collection measurements performed on simple pad detectors, a cce 
of 50% was expected for a  bias of 150 V. Therefore a mip signal would be 13000 
electrons or 100 mV. The signal-to-noise ratio  expected from this detector biased 
a t 150 V is then 8.7. A higher bias would increase the signal-to-noise ratio  through 
improved charge collection.
The noise for the channel without the detector bonded to  it was 780 electrons. 
This implies th a t the noise due to  the detector is 1280 electrons, greater than  the 
470 electrons expected for this detector with the given peaking tim e and leakage 
current. The reason for this is not clear. It should be noted, however, th a t the 
amplifier noise was 5.5 times more than  expected from the noise slope quoted above, 
although the increase in the slope with a reduction in peaking tim e has not been 
included. The reach-through bias structure has been cited as a likely source of the 
ex tra  noise in GaAs detectors [8 8 ].
During the beam  test the gain and the peaking tim e of the A1-W3-6 detector 
were altered. The gain was reduced to 40±2 V /pC  to  prevent sa tu ra tion  of the 
ADC.
6 .4 .2  T est b e a m  se t -u p
The GaAs detectors under test were placed inside a silicon telescope, shown in figure 
6.19. This consisted of eight silicon m icrostrip detectors arranged into four sets with 
two sets in front of the  test detectors and two further downstream. The two detectors 
per set were orthogonal to  each other to define x- and y-coordinates. Five trigger 
scintillators were also present. The telescope system defines the point of interaction 
of the  pion beam  with the test detectors to a precision of order 1  fim.
For an event to  be w ritten  to tape  the trigger conditions th a t m ust be m et are 
th a t the event m ust occur in the beam  extraction time, the DAQ m ust not be busy 
and th a t a coincidence occurred in the scintillators.
The silicon detectors were read-out with Viking pre-amplifiers with a 2 /is 
peaking time. The large difference in peaking times between the silicon telescope













Figure 6.19: The Strasbourg telescope. SI to S5 are scintillators used to define the beam 
and trigger the DAQ. The four x- and four y-planes are silicon microstrip detectors with 
384 channels each.
and the GaAs detectors required th a t the hold delay be generated separately for the 
two sets of detectors. The initial trigger for an event comes from the coincidence 
of the scintillators. The trigger signal is taken via cables from the telescope to 
the  control room where a VME Viking driver unit generates another trigger signal 
(Triggeroui) to  send back to the Viking chips in the experim ental area if the other 
‘valid event’ conditions are m et. After the T r ig g e r^ , the driver generates the hold 
signal, the delay between the two being defined by the user. A final delay results 
between the generation of the ‘hold’ signal and its arrival a t the Viking card due 
to  the long cable between the control room and the experim ental area. The tim ing 
diagram  for the ‘hold’ signal generation, shown in figure 6 .2 0 , gives the  minimum 
possible delays at the test beam.
The to ta l delay was 286 ns, close to  the required delay of 300 ns for the GaAs 
detectors. The silicon detectors, however, required a delay of 2 /is otherwise the 
perform ance of the telescope would have been degraded. This problem was overcome 
by using the T rigger,^  from the VM E driver to  s ta rt a set of tim ing units th a t 
generated a separate ‘hold’ signal for the GaAs devices. The signal was carried into 
the experim ental area via its own cable to  minimise the ex tra  delays and allowed
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Figure 6 .2 1 : Schematic for the generation of the GaAs hold signal.
the delay for the telescope to  be set to  the  desired 2  fj,s. Additional ‘hold’ delay 
was supplied for the GaAs VA2’s through a delay box, the setting of which was 
altered during the running of the test-beam  to obtain the best signal-to-noise for 
the detectors. It was found th a t ex tra  delay was not required. The schem atic of 
the ‘hold’ generation is shown in figure 6.21. The rest of the tim ing signals were 
generated for the GaAs devices in the same fashion as those for the silicon telescope.
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6 .4 .3  D a ta  A n a ly s is
The off-line d a ta  analysis was performed in two distinct sections. The first found 
hits in the GaAs test detectors while the second used the telescope to  define tracks 
through the detector and determine the position resolution of the device.
Before the analysis was started  the bad channels measured previously in the 
laborato ry  were masked out in the software so th a t they did not interfere with 
the final results obtained. Bad channels were defined as those th a t had an RMS 
noise greater than  5 standard  deviations from the average noise or those th a t were 
disconnected.
The electronic channels of the VA2 all float at an indeterm inate voltage level, 
known as the ‘pedestal’ of the channel. The first 100 events of each run were used 
to  determ ine the average ADC value (Pave) f°r each channel individually. The next 
100 events were used to  determined the noise of each channel given as the  RMS in 
the ADC value after pedestal subtraction ( Nave). The outputs of all the channels 
of a chip can shift coherently in what is know as ‘common mode shift’ (CM S). This 
was also observed and subtracted from the data. The signal on a channel is defined 
as the ADC value of the channel after pedestal subtraction.
The average pedestal and noise values of each individual channel were updated 
continuously throughout the run for each channel which did not contain a signal 
( th a t is an ADC value above the signal-to-noise cut). This was performed by taking 
a weighted m ean, given in equation (6.18) for pedestal calculations, where the value 
X  determines the relative im portance of the new event. High values of X  reduce 
the effect of signals from actual events th a t are below the signal-to-noise cut.
jy   Pave X X  T  Pnew (a
ave-new — 7^  j ^
A  +  I
The program  then performed cluster searches. Three signal-to-noise cuts were 
defined: ( S / N ) i ,  ( S / N ) 2 and ( S / N ) 3 . The first, which was higher than  the 
second, was used to  find the largest signal in the detector for each event. The 
second determ ined the  presence of hits on neighbouring strips. Once the signal had 
been found, the signal-to-noise ratio  for strips on either side of the signal strip was 
compared to  (S / N ) 2  and the signals were added to  the cluster if they were above this 
cut. Table 6.3 gives the  signal-to-noise cuts used for the telescope and test detectors
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Cut Type Si GaAs
Centre Strip (S /N )i 
Neighbour (S /N ) 2  




Table 6.3: The signal-to-noise cuts applied on the telescope and test detectors.
th roughout the analysis of the data . The cluster signal size (5'c) is defined as:
S o =  £  S  (6.19)
cluster
and the associated noise of the cluster ( Nc )  is:
N c  = ( 6 .2 0 )
y Number of strips
where S  and N  are the signal size and associated noise for a given channel in the 
cluster. Finally a cut (S /N ) 3  was applied to  the signal-to-noise of the  to ta l cluster.
The position at which the pion passed through the detector can be determined 
from the two largest signals in a cluster with the use of charge sharing. These signals 
will be from adjacent strips and thus one can be assigned as the left (S l ) and the 
other the right (Sr ) signal of the pair. The charge sharing between them  is non­
linear and the algorithm  used for position determ ination utilises the ‘e ta ’ function, 
defined as:
11 =  S L +  Sr  (6 '21)
The e ta  function is shown in figure 6 .2 2 (a) for a typical AL-W3-6 detector run. 
W hen the signal passes through the centre of the strip it will have all its charge 
collected by th a t one strip and the e ta  should equal zero or one. These events have 
been removed from the plot.
Since the hits are uniformly distributed over the test detector the position of the 
track (X ) from  a cluster with respect to  the left hand strip is given by:
J S X f  dy
Jo1 fX  =  P JOr t  J - "  (6.22)
where P  is the strip pitch, N  is the num ber of hits at a given e ta  and r]x is the 
m easured e ta  value for the hit.
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(a) Typical eta distribution. (b) Integrated eta distribution.
Figure 6 .2 2 : Eta distributions for detector AL-W3-6.
The first program , used in the analysis of 1995 test beam data , wrote out a  file 
which contained the cluster data  for every event in the silicon telescope and the 
GaAs test detectors. The channels th a t were read out were in fact the maximum 
signal and the five channels on either side of this, regardless of their signal-to-noise 
ratio.
A second program  read this file and used it to determine the position of the tracks 
through the telescope and thus through the detectors under test. This inform ation 
was used to  determine the residual of each detector, defined as the difference in the 
pion position determined by the test detector signals and the actual position defined 
by the silicon telescope.
The telescope was aligned by the software relative to  an origin a t the centre of 
the first silicon plane. Once the reference plane was known the alignment of the test 
detector to  this plane was performed. First the residual plot was centered about 
zero. The possibility of the detector not being orthogonal was corrected for by 
plotting the residual against position along the strip. A linear fit was made to  this 
residual distribution and the hits were ro tated  to  align the strip with the reference 
frame.













AL-W3-6 30:20 14.77 1 . 6 6 12.75 10.83 94
AL-W3-8 30:20 6.9 1.81 1 2 . 6 1 1 . 8 93.5
G114 10:40
G114 25:25 18.99 1.78 14.15 14.1 >99
G114 40:10 23.88 1.79 14.8 14.33 >99
Table 6.4: The best results obtained from the three GaAs microstrip detectors. The cluster 
size is the mean cluster size in units of strips.
The position of the detector along the beam direction (z) was only known to 
within a cm from m easurem ents in the experimental area. The software found the 
correct position by adjusting the z position until the residual distribution w idth 
was minimised. Rotation of the strip detector about the y-axis was determ ined by 
ro ta ting  the detector about the central strip through small angles until the w idth 
of the residual was minimised. The standard  deviation of the resulting residual 
distribution was the position resolution of the detector.
The detection efficiency of the detector was determined by counting the num ber 
of hits th a t were found in the detector and dividing this to ta l by the num ber of 
tracks th a t the telescope predicted to have passed through the detector (neglecting 
tracks through masked strips).
6 .4 .4  R e su lts
The best results obtained for the two Alenia detectors and the three aspect ratios 
of detector G114 are given in table 6.4 for the conditions given in table 6.5.
Results from detector G114 will be discussed first followed by those from detector 
AL-W3-6, which gave the best cluster residual, and finally the results of AL-W3-8.
D etector G114 had a serious fabrication problem which was not apparent until 
a few days before the test beam started . Photo-lithography was employed to  obtain 
the 5 fim gap between the bias strip and the read-out strip. The resolution of 
this process at the University of Glasgow facility is close to  the desired structure













AL-W3-6 30:20 185 30 6 300 280
AL-W3-8 30:20 300 0 30 330 280
G114 10:40 370 6 14 360 118
G114 25:25 370 6 35 360 118
G114 40:10 370 6 30 360 118
Table 6.5: The operating conditions for the three GaAs microstrip detectors.
dimensions and complications might therefore have been expected. In effect, some 
of the bias strip fingers and the read-out strips were shorted together, via resistances 
ranging from zero to  lOOkl), by debris left in the gap as a  result of the lift-off process. 
These strips were therefore held at or close to the potential of the bias rail, which 
should have been -40V to obtain successful reach-through. At such a voltage the 
diode protection of the capacitor chip would have shorted these strips, and thus 
the bias rail, to ground, causing an unacceptable current to  flow. These strips 
were therefore disconnected from the read-out. A nother problem became apparent, 
namely th a t the strip detector now had a negative bias applied to  the  front of the 
device, via some of the read-out strips, which would affect the operational field of 
the device. The bias strip was therefore held at only - 6  V.
The section of the detector with the aspect ratio  10:40, th a t is the thinnest strips, 
was so badly affected by this fabrication problem th a t it could not be operated as a 
functional detector.
For the two other aspect ratios, results were obtained but only for small sections 
of the device and only when the low bias was applied to  the bias strip. The signal-to- 
noise ratio was very high due to  the large signal th a t was obtained from the 500/Ljm 
thick detector biased at 370 V. From simple test pads fabricated upon the same 
wafer a charge of 24700 electrons was collected at this bias. W ith the bias strip held 
below the punch-through voltage, the resistance of the D.C. pa th  to  ground was th a t 
due to the intrinsic resistance of the m aterial, as it is in an ohmic strip detector. 
The resolution of the detectors was poor, however, with a value comparable to th a t
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Figure 6.23: The dependence of the noise upon the detector reverse current. The key 
represents two peaking times: squares - 380ns; diamonds - 300ns.
from binary read-out of . This was not expected with the very good signal-to- 
noise ratio  and large cluster size (an average of 1.78 strips wide). Due to  the poor 
resolution obtained, the variation in the residual distribution width as a  function of 
aspect ratio  could not be deduced. It has been shown elsewhere th a t for GaAs strip 
detectors a smaller in terstrip  gap results in a larger cluster size and thus a be tter 
resolution[21]. This is expected for a strip detector with trapping (see section 6.3).
The results from the AL-W3-6 detector were more encouraging. Figure 6.23 
shows the increase in the noise recorded for the detector as a function of the square 
root of the detector reverse current. A linear dependence was found as expected. It 
can be seen th a t the  m agnitude of the noise was less for the shorter peaking tim e as 
expected from theory.
During the test beam run, the best ‘hold’ delay was found by observing the 
dependence of the  signal-to-noise ratio  as a function of the difference between the 
‘hold’ delay and the peaking time. The dependence, given in figure 6.24(a), indicates 
th a t the largest signal was obtained for a ‘hold’ delay slightly less th a t the m easured 
signal peaking tim e. E xtra, unaccounted for hardw are delays in the ‘hold’ signal 
explain why a delay slightly less than  the peaking tim e gave the largest signal. The 
results obtained with this delay are given in table 6.4. The signal-to-noise ratio  
increases with reverse bias due to  the increase in the depth of the active region and 
thus signal size (figure 6.24(b)). The signal-to-noise ratio  approached a plateau for 
a bias of 200V and therefore higher potentials were not applied. An example of the
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(a) Dependence upon the hold delay. (b) Dependence upon the detector bias.
Figure 6.24: The variation of the signal-to-noise ratio for detector AL-W3-6.
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Figure 6.25: The dependence of the residual on the signal-to-noise ratio.
signal-to-noise plot obtained for this detector is given in figure 6.26(a).
The increase in the signal-to-noise ratio produced the expected increase in the 
precision of the position measurement, as shown in figure 6.25.
The cluster size of the signal also affects the resolution, with larger clusters 
implying more sharing and thus a greater number of tracks determined with the 
e ta  function. The best resolution of the detector, (the cluster resolution), shown 
in figure 6.26(b), using only clusters of two or more strips was 10.83yum. This was 
not obtained with the detector bias at 200V but at 185V, even though the signal- 
to-noise ratio  and the cluster size were larger at 200V. This is inconsistent with the 
theory. W hen the detector was operated at 200V the potential on the bias strip 
was reduced to  -9V. The current th a t flowed through the bias strip was equal to
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(b) The residual obtained for clus­
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Figure 6.26: The results obtained with detector AL-W3-6.
th a t which was measured by the reverse bias supply, dem onstrating th a t the bias 
strip  still functioned as the D.C path  to  ground. The read-out strips continued to 
be held close to the ground potential because no strips were shorted to  ground, via 
the protection diodes on the capacitor chip, due to  their potential exceeding 7V. It 
appears th a t the reduced potential on the bias strip adversely affects the  resolution 
of the detector but the mechanism is not yet understood.
The detection efficiency was slightly less than  the 100% expected for this 
detector. The low detection efficiency could be due to  a loss of some signals because 
the signal-to-noise cut was too high. Reducing the cut however, led to  the inclusion 
of too m any fake signals due to noise and the residual distribution was adversely 
affected. The detection efficiency of the G114 detector was be tte r th an  99%, as 
would be expected with such a high signal-to-noise ratio.
The best results obtained with the A1-W3-8 detector are also given in table 6.4. 
The signal-to-noise cuts applied to  this detector were the same as those of detector 
A1-W3-6. The peaking time of the VA2  electronics was 330 ns and the hold delay
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was set a t 280 ns.
The ohmic strip  detector (A1-W3-8) was operated at a bias of 300V. The high 
bias ensured full depletion and removed the potential problem of a non-depleted 
layer of low charge collection under the strips. The resolution obtained was 12.6/im, 
which improved to  11.8^m if only clusters of two or more strips were analysed. The 
expected binary read-out resolution for this detector with a  pitch of 50/zm is 14.4/im.
The detector signal-to-noise was not as high as tha t obtained for the A1-W3-6 
detector due to  an increase in noise with respect to  AL-W3-6. The noise was greater 
for two reasons: firstly the detector interstrip capacitance was larger due to  the 
longer strips and secondly, and more significantly, the reverse current was higher 
due to  the  dam age suffered during bonding and because of the larger detector area.
The signal size for the to ta l cluster was approximately the same for bo th  
detectors. A slightly larger signal might have been expected from the AL-W3-8 
detector due to  the higher applied bias and thus larger charge collection efficiency. 
As a significant increase was not observed it must be concluded th a t some of the 
signal was lost in the larger clusters observed in the AL-W3-8 detector. A proportion 
of the signals at the edge of a  cluster will be lost as they do not pass the first signal- 
to-noise cut and thus a larger cluster will result in more signal loss as the signal is 
spread over a larger num ber of strips.
The mean cluster size in this detector was in fact 10% larger than  th a t of A1-W3- 
6 , see figure 6.27. The explanation for this is that the electron absorption distance in 
SI-U GaAs detectors is less than  th a t for holes. Thus more carrier trapping occurs 
in this detector which ‘collects’ electrons. This causes a greater induced signal on 
the neighbouring strips through incomplete charge cancellation in the bipolar signal, 
as explained in section 6.3. The increased cluster size and therefore charge sharing 
lead to a be tte r resolution than  expected from the signal-to-noise ratio , w ith respect 
to  the results of AL-W3-6. The detection efficiency was 93.6%.
After operating the detector a t a bias of 300V for over four-and-a-half hours, 
problems sta rted  to  occur. The cluster size increased, as shown in figure 6.28, and 
the strip detector stopped working correctly. This degradation was probably due 
to  a build-up of surface charge between the strips. This problem has been found 
for double-sided silicon detectors, where an electron accumulation layer a t the  Si-
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Figure 6.27: The normalised cluster size for detectors AL-W3-6 (solid line) and AL-W3-8 
(dashed line).
Si0 2  interfaces is present due to the positive fixed charge in the Si0 2 - The positive 
voltage on the strips causes the electron layer to spread between the strips, forming 
a conducting channel with a resistance of typically a few kfl. A similar situation 
could be present in the GaAs detector with the silicon nitride passivation.
6.5 Conclusions
Three GaAs m icrostrip detectors were tested in a high energy particle beam.
Due to  a fabrication problem the variable aspect ratio  detector (G114) gave 
unsatisfactory results and the desired variation in resolution as a function of aspect 
ratio  could not be measured.
The two other detectors performed much better, with resolutions be tte r than  
P/ l | k ' ^ ne det ect ° r (AL-W3-6) consisted of rectifying strips with integrated reach- 
through biasing and integrated silicon nitride capacitors. The second detector (AL- 
W 3-8) utilised ohmic strips, integrated biasing and external decoupling capacitors.


















Figure 6.28: The normalised increase in cluster size for detector AL-W3-8 after operation 
for 4.5 hours. The solid line is after 2 hours operation and the dashed line after 6.5 hours
The signal-to-noise ratio  of the AL-W 3 - 6  detector was 14.8 while th a t of the ohmic 
detector was only 6.9. The lower signal-to-noise ratio for the ohmic detector was 
believed to  be due to poorer charge carrier collection. The detection efficiency of all 
the  detectors was over 90%. The lower than 100% detection efficiency resulted from 
a loss of signal due to the signal-to-noise cuts applied.
C h ap ter  7
Sum m ary and Conclusions
The thesis is divided into three sections: the characterisation of simple pad detectors, 
the  investigation of the effects of high energy neutron, proton and pion irradiation, 
and position m easurem ents with microstrip detectors in a  70 G eV /c tt test beam.
Three substra te  m aterials were used for the first two sets of investigations. These 
were SI-U LEC bulk GaAs, which was examined in greatest detail, Sl-indium doped 
GaAs and low pressure vapour phase epitaxial GaAs.
Electrical characterisation of the SI-U diode revealed two distinct regions in the 
current-voltage characteristic; the low and high voltage regions. The low voltage 
region behaved as a standard Schottky diode in series with a large resistance 
due to the semi-insulating nature of the bulk m aterial. From the current-voltage 
characteristic the resistivity of the bulk at 20°C was found to  equal 6.4 X 107  flcm. 
The barrier height determined from the tem perature dependence of the barrier 
conductivity, m easured for voltages below 0.002 V, was found to  be 0.92 ± 0 .02  V for 
tem peratures between 1 0 °C and 40°C and to equal 0.91 ±  0 . 0 2  V between 115°C and 
147°C. The barrier height was also determined from the tem perature dependence 
of the forward current. Values of 0.87 ±  0.03 and 0.91 ±  0.03 V were m easured 
for the low and high tem perature regions, respectively. These were equal, w ithin 
errors, to the values found from the barrier resistance. From the variation of the 
bulk resistivity w ith tem perature the bulk activation energy was determined for the 
two tem perature  ranges. Values of 0.78 ±  0.04 V and 0.73 ±  0.02 V were found for 
the  low and high tem perature ranges, respectively. Therefore it was concluded th a t 
the  electron density of the m aterial was due to  the deep level defect EL2. The Fermi
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level of the m aterial was found from the electron num ber density derived from the 
bulk resistivity of the m aterial. At 20°C a value of 0.81 eV was obtained, which is 
consistent with compensation models.
The quality of the Schottky barrier was assessed by fitting theoretical expressions 
for the therm ionic current to  the data. The m easured ideality factor was 1.04 for a 
fit performed between a forward bias of k s T /2  and a reverse bias of 10k s T .  The fit 
could not be extended to  higher voltages because the correction required to  account 
for the voltage drop across the bulk could not be accurately determined.
At a bias of -10 V the current was assumed to be generation current and an 
activation energy for the diode of 0.76 ±  0.02 eV was m easured. This implied th a t 
the current was due to  a mid-gap defect which was assumed to  be the EL2 trap . 
At higher reverse bias the current characteristic changed. This was term ed the high 
voltage region.
The current characteristic started  to  plateau between -30 V and -50 V and 
remained flat until a bias was reached corresponding to  1 V //rm  of detector thickness, 
(Vfd)- The current density a t 20°C was of order 1.5 /iA /cm 2. The current increased 
slightly for a diode th a t was not guarded due to  the lateral spreading of the active 
region in the bulk under the contact. The activation energy of the current for an 
applied bias o f -100 V was 0.85T0.01 eV and was insensitive to  whether the diode was 
guarded or not. This activation energy was noted to be close to  the activation energy 
of the electron thermal-emission ra te  of the EL2 trap . The increase in current for 
voltages above th a t required for a high field extension across the entire diode, (Vfd), 
was shown to be affected by the nature of the back contact. Diodes fabricated by 
Alenia had very good high voltage characteristics. An expression for Poole-Frenkel 
emission with an electric field strength proportional to  the applied bias described 
the high bias d a ta  well.
Spectral noise m easurem ents were performed on two diodes at room tem perature. 
The m easured shot noise was half of th a t expected from the reverse current. A simple 
model of carrier capture in the high field region of the diode was proposed to  account 
for the observed effect. The low frequency excess noise had a corner frequency of 
order 1 kHz or less for a bias up to  230 V, close to  Vfd, and therefore the excess 
noise is not a concern for detector operation.
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Capacitance m easurem ents made on the diodes illustrated  th a t to  obtain  the 
doping concentration of the deepest traps the measurem ent tem perature  m ust be in 
excess of 400 K for a small A.C. signal with a frequency of 100 Hz. A value for N e/ f  
of 7.4 X 101 5 /cm 3  was obtained, which is close to th a t given in the literature.
For the semi-insulating m aterial it was found th a t the electrical characteristics 
at an applied bias greater than  a few volts were dom inated by the effects of deep 
traps, of which the EL2 trap  has the highest concentration.
Charge collection experiments were used to determine the mean free absorption 
lengths of the carriers in the m aterial and the charge collection efficiency of the 
detector for minimum ionising particles as a function of applied bias. Three ingots 
were tested , two from M CP and one from Sumitomo which had been processed by 
Alenia. For all three the hole charge collection wa.s be tte r than  th a t for electrons. 
The Alenia diode had a 100% hole cce, at a bias greater th an  600 V, but a cce of 
only 40% for electrons, in the plateau region (200 - 300 V). The M CP diodes had 
better electron collection but significantly worse hole collection. The largest m ean 
free absorption distances found for electrons and holes in this m aterial were 2 0 0 /mi 
and 700//m, respectively. The hole absorption distance was only slightly less than  
the ~  1000 fim  expected for trap-free GaAs. Therefore the concentration of hole 
traps in LEC SI-U GaAs is low. The electron absorption distance for a trap-free 
m aterial, however, should be larger than  the hole distance, due to  the higher velocity 
of the carriers. This was not observed and the reduction was a ttribu ted  to the deep 
levels in the m aterial, and the EL2 defect in particular.
The electron charge collection was observed to  increase for a voltage above Vjd, 
an effect th a t was assumed to  be due to  field-enhanced electron de-trapping. A 
correlation was observed between the high voltage current increase and the increase 
in charge collection which therefore supports this assum ption.
A linear increase was observed with bias for the mip cce up to  a bias of Vjd . This 
increase was due to  the linear increase in high field ‘active’ region of the diode w ith 
bias. The mip cce measured at the maximum reverse bias for a  200 fim  thick M CP 
diode was 75 ±  5%. The Alenia diode had a very similar mip charge collection due 
to  the poor electron collection.
The high voltage current characteristics of the Sl-In doped diodes were very
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similar to  those obtained from the M CP SI-U m aterial. The hole charge collection 
was 83%, at 650 V, which was higher than  th a t measured for SI-U detectors, but 
the electron cce was only 15%, in the plateau bias range of 100 - 450 V. The mip 
cce was very similar to  a M CP SI-U device.
The deep levels present in both  SI m aterials therefore affected the charge 
collection properties of the detectors.
The V PE diodes examined were shown to obey standard  semiconductor theory. 
The barrier height was obtained from the current-voltage and curren t-tem perature 
dependences. A value of 0.848 ±  0.005 V was obtained from the activation m ethod, 
which is close to  th a t quoted for titanium  on n-type GaAs. The reverse current 
characteristic was examined to  try  to understand the cause of the ex tra  current 
observed over th a t expected for such a barrier. Generation current was proposed for 
a bias below -10 V as the source of the ex tra  current, which can be expected for a 
device with a large barrier height. At larger values of bias the diode did not follow 
standard  theory and this was a ttribu ted  to  edge effects.
The capacitance measurem ent did not show a dependence on frequency and 
thus the concentration of deep levels in the V PE m aterial was low. From the C-V 
m easurem ents a value of 2 . 8  ±  0 . 2  x 1 0 1 4 /cm 3  was obtained for the doping density. 
This high doping density prevented the extension of the depletion region beyond 
30 ^m  before breakdown occurred due to  the high bias required (>200 V). Charge 
collection experiments were limited due to  the small depletion region. The charge 
collection efficiencies obtained for electrons from alpha particle experim ents and 
60keV gammas were, however, close to 100%. If the doping concentration in the 
V PE could be reduced, and thus a larger depletion width obtained before breakdown, 
then detectors fabricated upon this m aterial will make very good particle detectors 
with charge collection efficiencies close to  100%. The V PE m aterial also has the 
advantage over other epitaxial m aterial th a t it is available at thicknesses close to 
2 0 0  /im at a cost th a t is not prohibitive for physics applications.
The effects of the irradiations upon both the current and charge collection 
characteristics of all three types of substrate  were investigated.
The low voltage analysis was performed for SI-U diodes exposed to  three proton 
fluences up to a maximum of 1.35 X 101 4  /cm 2. The bulk resistivity of the m aterial
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was seen to  increase with proton radiation while the Schottky barrier height fell. 
The resistivity increase was assumed to be due to carrier removal via an increased 
trap  concentration. Creation of an increased number of dislocations in the m aterial, 
and thus of p-type zones, was suggested as an explanation of the reduction in the 
barrier height.
For the  SI-U diodes the high voltage IV characteristic showed only slight 
degradation with fluence. The value of Vjd fell to  between 2 /3  and 1/2 of its pre- 
irrad iation  value, with the m ajority  of the reduction occurring within the first few 
101 3  partic les/cm 2. The reverse current increased by only a factor of about two after 
1 X 101 4  p /c m 2. The post-V/^ current was reduced for the M CP diodes, w ith the 
gradient in the  IV curve falling with increasing fluence.
Noise m easurem ents showed, for a fixed current, a  reduction in noise with 
increasing proton fluence. At 100 nA, for example, the measured equivalent noise 
charge w ith a  shaping tim e of 3 fis fell from 1600 electrons prior to irradiation to 
323 electrons after 1.9 X 101 4  p /cm 2. It was suggested th a t the reduction was due 
to the increased density of traps in the m aterial.
As far as the changes in its electrical characteristics are concerned, SI-U GaAs 
has therefore been shown to be radiation hard  for particle fluences greater th an  those 
expected for experiments at the LHC.
The charge collection efficiency of these detectors, however, was severely affected. 
The hole cce fell below th a t of the electrons before a fluence of 5 X 101 3  p /c m 2 was 
reached. For a bias above Vjd an increase in both electron and hole cce was observed, 
but a t a  greater rate  for the electrons. The mip charge collection allowed the effects 
of the three particle types to  be compared. ISIS neutrons were shown to  be the 
least dam aging, while the pions were the most damaging, causing four times more 
damage. For a  200 fim  thick detector reverse biased at 200 V, a 10000 electron signal 
response to  a  90Sr source was obtained after 1.4 X 101 4  n /cm 2, 6.0 X 101 3  p /c m 2, 
and only 3.0 X 101 3  7r /cm 2. The cce fell rapidly initially and then at a slower ra te  
for higher fluences with the position of the change in gradient depending upon the 
particle type. The reductions in cce for all three particle types were correlated with 
the NIEL of the particles.
It was concluded th a t the SI-U GaAs detectors investigated here would not be
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able to  deliver the required level of signal after the full 10 year lifetime of the  ATLAS 
experim ent. Low carbon SI-U GaAs m aterial has been investigated by other groups 
as an alternative, possibly more radiation hard, substrate . The low carbon m aterial 
has less ionised EL2 defects prior to  irradiation and therefore the  electron lifetime 
was larger than  th a t found in standard  SI-U GaAs. The detectors have shown a 
slight improvement in post-irradiation charge collection efficiencies, bu t, a t present 
they are still not adequate for the the entire lifetime of the  ATLAS experim ent.
In irrad iated  standard  SI-U LEC detectors, the forward current fell w ith fluence, 
allowing forward biased operation of the detector. The hole cce was seen to  be 
similar to  th a t under reverse bias. The response to electrons, however, had a  large 
peak ( «  60%) for low forward bias (40 V) which fell as the bias was increased. At 
100 V the forward and reversed bias electron charge collection were similar.
The effect of irradiating the detectors at — 6  ±  4°C had a slight effect on the 
mip charge collection efficiency, but the reverse current was observed to  increase 
alarmingly. Current assisted annealing of two detectors was suggested to  have 
occurred due to the increased cce observed for these diodes. Further experim entation 
is required, however, to  verify these results.
Annealing studies were performed on irradiated detectors. Room tem peratu re  
annealing over a duration of a year showed no increase in Vfd and a fall in reverse 
current. Annealing at 210°C in an oven in air reduced both  the reverse current and 
the value of Vfd • The charge collection efficiency below Vjd increased for annealing 
times up to  5 hours. For example, the mip cce after 1 x 101 4  p /cm 2 increased from 
23% to 33% after a 5 hour anneal. Annealing for 33 hours killed the detectors.
Annealing at 450°C was performed with a rapid therm al anneal. This was 
expected to  remove the arsenic antisite defects. The electron cce increased with 
anneal tim e, but the hole charge collection was hardly effected. The radiation 
induced electron traps were concluded to be arsenic antisite defects, bu t the 
identification of the hole traps is still not certain.
The effect of a fluence of 1 x 101 4  p /cm 2  on the Sl-indium doped samples increased 
the current and reduced Vfd• The mip cce, which was comparable to the  undoped 
samples before irradiation fell to  only 10 ±  1.5%, compared to  18 ±  1.5% for a SI-U 
detector, a t an applied bias of 1000V. Therefore the Sl-indium doped detectors were
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less radiation hard  than  the SI-U detectors.
After a fluence of 1.25 X101 4  p /cm 2 the V PE diode current increased dram atically 
from 90 nA to 1500 nA, for an applied bias of 200V, which represents an increase of 
more th an  an order of m agnitude. The capacitance fell from 300 pF  to  40 pF  for a 
bias of -5 V. The proton fluence created a significant concentration of deep levels in 
the m aterial which were responsible for the increase in the generation current and 
the change in the diode capacitance.
Charge collection from a V PE detector was considerably better than  for the  SI- 
U LEC devices both  before and after the radiation fluence. The electron cce for 
a typical V PE  diode fell from 100% before irradiation to  6 8 % after a fluence of 
1.25 X 101 4  p /cm 2. The SI-U device m easured at 200 V fell from 62 ± 5%  to  11 ± 3 % , 
a reduction of 82%.
Therefore the be tte r pre-irradiation characteristics and the low initial trap  
density of the V PE detector m eant th a t the detectors were more radiation hard  
than  the SI-U devices. If large quantities of V PE  m aterial with a lower initial free 
carrier concentration could be obtained at reasonable cost, then GaAs could be used 
as a radiation hard  detector. The time scale for this, however, was considered too 
long to  affect the decision made by the ATLAS collaboration with respect to  the use 
of GaAs m icrostrips in the ATLAS inner detector.
Three distinct designs of microstrip detector were tested at the SPS. The Alenia 
detector (AL-W3-6) with a segmented Schottky side, integrated reach-through bias­
ing and decoupling capacitors had the lowest leakage current density of 8  nA /m m 2 
at 20°C. The breakdown voltage was close to -200 V, which was expected for the 
200 /im  thick device. The second Alenia detector, (AL-W 3-8), with ohmic strips, 
suffered damage during bonding which reduced the breakdown voltage from -250 V 
to -170 V. The th ird  detector, from Glasgow University, had a severe fabrication 
fault which limited the results th a t could be obtained with this device.
The best resolution, m easured for the AL-W3-6 detector with a peaking tim e 
of 300ns, obtained for clusters of two of more strips, was 10.83 /mi. Including all 
cluster sizes gave a value of 12.75 /mi. The signal to  noise was 14.8 and the detection 
efficiency was 94%. The resolution was better than  p itc h /V l2 , (=  14.4 /m i), which 
is obtainable without charge sharing.
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The ohmic strip detector gave very promising results with a resolution of 12.6 /zm. 
The noise was larger for this device than  with the AL-W3-6 detector, due to  the 
increased capacitance and increased reverse current, due to  the bonding problem. 
The cluster size was also increased, an effect th a t was concluded to  be due to  the 
lower electron mean free absorption distance in comparison to  holes in LEC SI-U 
GaAs detectors.
Significant progress has been m ade over the last eight years in understanding 
and developing SI-U GaAs detectors. Detectors have been fabricated with very high 
minimum ionising particle charge collection efficiencies (typically > 70 %). The 
radiation induced reduction in the charge collection efficiency, however, is a m ajor 
problem for the inclusion of GaAs detectors in an experiment a t the LHC. Silicon 
detectors have not shown significant signal loss for fluences up to  1 X 101 4  p /c m 2 
and if the  cooling of the inner detector can be achieved then the effects of room 
tem peratu re  annealing on the full depletion voltage will be controlled. Silicon based 
m icrostrip detectors could then be used in the forward positions of the ATLAS inner 
detector.
The development of GaAs detectors will continue a t Glasgow University. X-ray 
imaging applications are being worked on at present to develop low dose imaging 
utilising the high atom ic num ber of the m aterial. V PE diodes and novel detector 
designs are also being investigated for possible radiation hard detectors for fu ture 
experim ents.
A p p en d ix  A
Properties of Si and GaAs
mo is the electron rest mass =  0.91095 X 10 - 3 0  kg.
The superscripts represent:
a Longitudinal effective mass.
b Transverse effective mass.
c Light-hole effective mass.
d Heavy-hole effective mass.
Properties Silicon GaAs
C rystal structure Diamond Zincblende
Band structure Indirect Direct
Atomic number 14 32
Atomic density (atom s/cm 3) 5.0 X 102 2 4.42 x 102 2
Density (g cm -3 ) 2.328 5.32
Dielectric constant e 11.9 13.1
Bandgap at 300K (eV) 1 . 1 2 1.424
Electron Effective mass, 0.98a 0.067
m* /m o 0.196
Hole Effective mass, 0.16° 0.082c
m * / m 0 0A 9d 0.45^
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Properties Silicon GaAs
Effective density of states 2.8 x 1019 4.7 x 1017
in the conduction band, N c  (cm -3 )
Effective density of states 1.04 x 1019 7.0 x 1018
in the valance band, N y  (cm -3 )
Intrinsic carrier density (cm -1 ) 1.45 x 1010 1.79 x 106
Intrinsic resisitivity (Qcm) 2.3 x 105 3.8 x 108
Electron mobility, (cm 2 V - 1 s-1 ) 1500 8500
Hole mobility, fip (cm 2 V - 1 s-1 ) 450 400
M inority carrier lifetime (s) 2.5 x 10-3 ~ 10-8
Energy to create an e-h pair (eV) 3.55 4.27
Most probable specific energy loss, 0.28 0.57
^  , (keV yum- 1 )dx mp1 v  '  '
Specific heat (J g - 1  K - 1 ) 0.7 0.35
Therm al conductivity 1.5 0.46
at 300K (W cm - 1  K - 1 )
All the d a ta  is taken from [1 ]. The values of the drift mobilities were obtained 
in the purest and most perfect m aterials available at the tim e the reference was 
published.
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